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ABSTRACT 
 
Identifying the Substrate for Successful Robot Rehabilitation in Adult Rats  
Spinalized as Neonates:  The Role of the Trunk in Locomotor  
Recovery after Complete Low-Thoracic Transection. 
  
Author’s Name: Ubong Ime Udoekwere  
Supervisor’s Name: Simon F. Giszter, Ph.D. 
Approximately 200,000 people live with spinal cord injury (SCI) worldwide, and more 
than 10,000 new cases are reported yearly.  SCI patients suffer neurological deficits and 
severe functional loss below the level of injury, especially in cases where the cord is 
completely severed.  After SCI, secondary injury processes worsen the damage, 
subsequently limiting the spinal cord’s endogenous response to spontaneously repair and 
regenerate axons.  This limits recovery of function.  As a result, additional therapeutic 
interventions are often required to improve recovery.  Unfortunately, there are no fully 
restorative therapies for SCI, but a lot of promising therapeutic techniques are currently 
being explored in animal models in labs across the globe.  
 
One promising animal model for studying SCI recovery is a thoracic spinal cord 
spinalization in neonatal rats.  This injury completely inhibits hindlimb stepping and 
locomotion.  Using this model, spinalized neonates (NTX) manage to recover 
autonomous hindlimb weight supported (HWS) stepping as adults.  Furthermore, 
intracortical microstimulation, cortical lesioning, and locomotor kinematic findings from 
the Giszter lab have identified cortical reorganization of trunk representation and trunk 
control as essential elements for NTX recovery.   
 
xiii 
 
 NTX is the only reported successful autonomous recovery model known.  Unfortunately, 
the mechanisms for this recovery have not yet been sufficiently investigated and are 
presently poorly understood.  Consequently, in this thesis we explored the influence of 
trunk sensorimotor mechanisms on locomotor recovery after rat SCI.  We investigated 
this trunk influence in two ways.  First, we investigated trunk-locomotor interactions in 
adult intact rats by studying the effect of trunk muscle afferents on locomotion.  Results 
from this study indicate that trunk muscle afferents modulate hindlimb extensor output 
during locomotion, which suggest the possibility of neuronal pathway(s) between trunk 
afferents and the spinal locomotor circuitry and HWS mechanisms.  In the SCI 
rehabilitative tradition of using sensorimotor training to promote plasticity in hindlimb 
afferent reflex pathways, modifying trunk afferent reflexes in a similar context could also 
contribute to SCI locomotor recovery.  Secondly, we studied the effect of trunk 
sensorimotor training on NTX recovery using a novel impedance training rehabilitation 
technique that interacts with the trunk.  Using our technique, some previously non-weight 
supporting rats achieve weight-support.     
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I. Introduction and Specific Aims  
 
Spinal cord injury (SCI) disrupts the normal architecture of the central nervous system 
(CNS), interrupting the descending and ascending axonal tracts that communicate with 
higher brain centers.  SCI that completely severs the cord causes severe neurologic 
deficits and major loss of function below the level of injury, significantly altering a 
patient’s lifestyle.  Over 200,000 Americans currently live with SCI, and more than 
10,000 new cases are reported each year.  After SCI, secondary injury responses such as 
cell death, excitotoxicity, demyelination, inflammatory responses and cyst formation, 
often exacerbate tissue damage beyond the injury site.  In contrast to these secondary 
responses after SCI, the injured spinal cord also exhibits some spontaneous repairs and 
axonal sprouting in an attempt to recover function.  The repairs and regenerations are 
limited and are usually impeded by the destructive secondary responses, and as a result 
spontaneous recovery of function is limited.  Additional therapeutic interventions are 
therefore needed to promote further functional recovery.  At present, successful 
interventions for SCI include a variety of rehabilitative and pharmacological therapies, 
cellular and molecular therapies, or combination treatments.   
 
One common animal model for studying spinal cord injury (SCI) is a complete low 
thoracic transection (TX) of the spinal cord in rats.  This injury completely inhibits 
functional hindlimb stepping and locomotion (paraplegia). Using current therapeutic 
interventions, varying degrees of functional recovery have been achieved with this animal 
model.  To promote recovery after transection, cellular and molecular therapeutic 
interventions are used to restore some anatomical connectivity across the injury site, and 
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limit the devastating effect of secondary injury processes respectively.  However, studies 
to date with neuronal regeneration and neuroprotective approaches have shown limited 
success, and are difficult to achieve [5-7].  On the rehabilitative front, task specific 
sensorimotor training therapies have been shown to help transected animals to regain 
some locomotor function.  The mechanisms underlying this recovery are attributed to:  
(1) the ability of the hindlimb locomotor generator circuit (CPG) in the lumbar segment 
of the mammalian cord to still integrate and adapt to sensory input despite being 
disconnected from descending inputs, (2) the plasticity and reorganization of spared 
spinal circuits below the injury as a result of task-specific sensorimotor training.  These 
mechanisms clearly suggests that neuronal regeneration across the injury site is not 
essential for recovery of hindlimb locomotion [8-11].  Pharmacological interventions 
(e.g. noradrenergic and serotonergic agonist) also primarily exert their effects below the 
level of injury and are often used in combination with sensorimotor training to promote 
locomotor recovery in spinalized rats.  Unfortunately, rehabilitative and pharmacological 
interventions also offer limited recovery after SCI [4, 12-14]. 
 
At present, there are no full restorative therapies for SCI.  With the available SCI 
therapies, the degrees of locomotor recovery are somewhat limited, and vary across 
mammals.  For instance, completely spinalized adult cats that receive locomotor training 
on a treadmill regain the ability to perform full weight bearing treadmill stepping, and 
can also adjust their rate of walking to changes in the treadmill speed.  However, for 
these spinalized cats to perform weight supported or weight bearing stepping, the tail is 
Hypothesis/Specific Aim Ia: 
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held up to provide some torso support and balance.  Similarly, although spinalized adult 
rats recover some locomotor functionality with treadmill locomotor training, no weight 
supported stepping function is recovered, and external balance must be provided.   
 
In contrast, recent SCI studies have shown that when neonatal rats receive similar 
spinalization between postnatal day 1 and day 5 (P1-P5), some (~20%probability of 
recovery) do manage to recover significant locomotor function and achieve autonomous 
hindlimb weight supported (WS) stepping as adults without tail pinch and balance 
assistance [7, 15-17].  Giszter et al also showed that weight bearing stepping recovery in 
WS adult rats with neonatal transections correlated with cortical reorganization of the 
mid-low thoracic trunk motor representation [7, 15-17].  Data from intracortical 
microstimulation (ICMS) mapping of the trunk cortex of weight supporting (WS) 
neonatally transected rats revealed that some mid-low trunk muscles below the periphery 
of the injury (as low as L2 vertebral region) and with motor pools below the injury were 
still capable of being activated by cortical trunk representation [7, 18].   This is quite 
unique given that the spinal cord is completely spinalized.  Why is this possible?  We 
know that trunk muscles are distributed over a wide area of the axial region and are 
innervated by thoracic and some lumbar spinal segments [19].  Studies have also shown 
that spindle density in dorsal trunk muscles are very high [20-22] indicating a broad and 
strong proprioceptive reflex recruitment in the trunk [23].  The mechanism for such broad 
reflexes typically occurs through afferent connections and pathways within the spinal 
cord.  After injury these connections are severed and some trunk motor pools associated 
with more caudal (mid-low) trunk muscle segments are located in lumbar spinal segments 
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below the spinal injury [19, 24, 25].  But it appears that in WS neonatally injured rats, 
mid-low trunk muscles are still influenced by cortical control of upper trunk muscles [7, 
15, 18, 26].  Given that reflex activity in trunk muscles are broadly distributed across 
many trunk segments [20-22], it is therefore conceivable that trunk motor neuronal 
recruitment of trunk muscles is also broadly distributed across many trunk segments.  In 
other words, muscle contractions in lumbar/caudal trunk muscle segments may be 
facilitated by motor neuronal activity in thoracic trunk motor neurons that would 
typically innervate mid/thoracic trunk muscle segments.  Therefore we hypothesize that: 
Hypothesis Ia:  Trunk motor neuronal recruitment is broadly distributed across 
multiple trunk muscle segments.  
Previous neonatal transection work by Giszter et al proposed that the reorganized cortical 
trunk representation in WS neonatal rats allows for richer and reorganized motoneuronal 
activation pattern of the thoracic trunk muscle segments still connected to the cortex [7, 
18, 27].  They also suggest that the mechanism(s) by which WS neonatally spinalized rats 
elicit mid-low trunk muscle activity allows lumbar motor pools and reflexes below the 
level of the transection to be activated, subsequently impacting the lumbar CPG to elicit 
hindlimb movements during treadmill induced locomotion [7, 15].  Our hypothesis and 
concept of a broad trunk motor neuronal recruitment of multiple trunk segments is one 
possible mechanism that could support this idea.  Accordingly, trunk motoneuronal 
activity in the thoracic trunk segments would also recruit lumbar trunk muscle segments, 
thus producing trunk afferent reflexes in the lumbar trunk segments that impact lumbar 
motor pools and the lumbar CPG.  Such broadly distributed trunk motor neuron 
activation bypasses the severed spinal cord, and permits reflex mechanisms to operate 
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that are not functionally spatially limited to afferent collateral bifurcations within the 
spinal cord.  This is the hypothetical foundation for Specific Aim 1a: 
Specific Aim 1a:  Investigate the distributive influence that activating trunk motor 
neurons in the T9 nerve have on trunk muscle segments rostral and caudal to the level 
of the nerve in an intact and transected (T10 injury) adult rat spinal cord.     
 
We believe that a broad trunk motor neuronal recruitment of multiple trunk segments is 
one possibility that allows the reorganized cortical trunk control to influence mid-low 
trunk muscle segments in WS spinalized neonates.   
 
 
The neurophysiology of postural control and its relationship to locomotion in developing 
neonatal rats have been documented.  These studies indicate that in the early postnatal 
period, trunk movements (primarily crawling movements) are instrumental to locomotion 
and trunk muscle activation is strongly coupled with the locomotor activity.  Gradual 
changes in trunk-locomotor coupling patterns and latencies are seen during the first 3-4 
weeks after birth [28, 29].  The trunk-locomotor coupling pattern is seen in about 50%-
80% of the recorded steps in the first 3 weeks.  The trunk-locomotor pattern typically 
begins with contralateral coupling of trunk activity and hindlimb extensors in the first 3 
weeks, with the hindlimb activation lagging trunk activation.  This is then followed by 
ipsilateral coupling between trunk and hindlimb activation in the later postnatal period 
when the descending spinal cord is fully formed (~P22-P26).  Finally, in adulthood 
Hypothesis/Specific Aim Ib: 
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(>P26) a more tonic pattern (primarily posture related) in trunk activity is observed 
during locomotion with coupling pattern seen in only about 20% of recorded steps.  In 
some cases (during accelerated walking) the frequency of observed trunk-locomotor 
coupling increases, but the amplitude and duration of the coupled trunk activity is much 
lower when compared to those seen in the earlier neonatal period.   This clearly indicates 
a developmental functional shift of trunk muscles from being used primarily for 
locomotion, to postural control and stabilization later.   
 
The results from these studies indicate that from the early postnatal days to about 3-4 
weeks later, the trunk muscles are coupled to the rhythmic activity in the motorneurons 
innervating the hindlimb muscles, suggesting that the trunk muscles are influenced by the 
CPG for locomotion[28, 30].  Given that in the adult rats, the CPG steers hindlimb motor 
output during locomotion and that hindlimb afferent pathways are critical in locomotor 
reflex regulation [31-35], then it is conceivable that since CPG influences alternating 
trunk locomotor movements (crawling) in neonatal rats, then trunk afferents could also 
possibly modulate the CPG-locomotor output.  Developmental studies have also shown 
that such trunk-CPG coupling patterns progressively lessen as neonatal rats approach 
adulthood [28, 29, 36].  This raises some interesting questions:  
(1) Does the shift in trunk-locomotor reflex organization occur after critical periods in 
neonatal development, and therefore does early neonatal transection (P1-P5, prior to 
critical periods) preserve and prevent the diminishment of the neuroanatomical and 
neurophysiological features of trunk-CPG coupling pathways? (2)  Is this part of the 
reason for such drastic differences between adult and neonatal recovery responses to SCI 
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and rehabilitation?  Answers to these questions may begin to explain: 1) why adult 
spinalized rats do not achieve the level of functional recovery observed in neonatally 
spinalized rats, 2)  the crucial role the trunk plays in weight bearing locomotor recovery 
seen in neonatally injured rats. 
 
In this thesis we begin to explore the trunk-locomotor interactions in rats by studying the 
effects of trunk muscle afferents on locomotor output.  Therefore, the second hypothesis 
is formulated as: 
Hypothesis Ib:  Given that the CPG initially drives locomotion by significantly 
influencing trunk muscle activity (crawling) pattern in the early neonatal period, then 
a neuronal pathway between trunk muscle afferents and the CPG must exist to 
regulate locomotion.  This pathway may still remain in some capacity in the adult rat. 
 
We believe it is quite possible that a neuronal pathway between trunk muscle afferents 
and the spinal locomotor CPG exists.  More investigations of interactions between 
afferent input and spinal locomotor generator circuitry are needed to provide additional 
insight into the intrinsic organization of the locomotor centers, as well as insight into the 
mechanisms underlying spinal reflex regulation of locomotion.  That said, many studies 
have investigated reflex regulation effects of hindlimb afferents on locomotor output, and 
neuronal pathways from hindlimb afferents to trunk motorneurons, but no studies have 
been conducted to investigate the influence trunk muscle afferents have on the locomotor 
output in adult rats.  This is the basis for Specific Aim Ib: 
Specific Aim Ib:  Investigate the effects of group I and II trunk muscle afferents on 
hindlimb locomotor output in the adult rat.  
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A neuronal reflex pathway between trunk muscle afferents and the hindlimb CPG may be 
one mechanism that allows some neonatally spinalized rats to recover weight supporting 
locomotion.  If neonatal transection occurs before several neural critical periods, then it is 
quite conceivable that this may prevent the aforementioned developmental and functional 
shift of trunk-locomotor coupling controls, as well as permit more plastic changes in the 
neuroanatomical and neurophysiological features involved in trunk-CPG pathways during 
the critical periods.  Consequently, as neonatally spinalized rats mature, some may then 
manage to adapt this trunk-locomotor reflex regulation in a way that allows them to 
recover autonomous locomotion and weight supported stepping.  Identifying such reflex 
pathways may be valuable in developing novel therapies for SCI recovery in adult rats 
and, ultimately in humans. 
 
Adaptations seen in the whole trunk biomechanics of WS adult rats spinalized as 
neonates suggest that their weight bearing locomotion is analogous to a ‘wheelbarrow 
race’[7, 17, 18, 26].   In a wheel barrow race, two people simulate a wheelbarrow being 
pushed.  The arms of the front person and legs of the rear person must be coordinated and 
balanced while the front person’s body is supported cooperatively by both [27].  The rear 
person’s stepping is guided through the mechanical actions and communications of the 
front person.  The weight supported locomotion seen in WS adult rats spinalized as 
neonates is analogous to this; i.e., the lumbar CNS is “blinded” and lacks vestibular 
information, and all communication is through tight mechanical coupling of the thoracic 
and pelvic body parts, mediated primarily through the trunk since the thoracic axial 
Hypothesis/Specific Aim II: 
9 
 
musculature is partly shared by both parts [27].  If we assume the pelvis and thorax to be 
two interconnected rigid bodies, then the trunk serves as the linkage (hand-leg grip in the 
‘wheel barrow race’ analogy) that couples force back and forth between these.  This tight 
mechanical coupling is also evident in the locomotion ground reaction forces (GRF) of 
these animals. The rostrocaudal GRF of the forelimb and hindlimb act in opposition, 
rather than in the synergistic propulsive or braking manner seen in intact rats [26].  Since 
the forelimbs and hindlimbs act in opposition, the trunk is held compressed, which 
suggests an increased trunk muscle stiffening that possibly aids in coupling hindlimb 
action with forelimb action.  This is also supported by the hunched trunk posture seen 
during locomotion in autonomously WS neonatally spinalized rats.   
 
These locomotion strategies seen in WS neonatally spinalized rats are possibly regulated 
and controlled by their reorganized cortical trunk motor elements, which suggests refined 
and richer trunk control [7, 18, 27].  In addition to trunk motor elements, cortical motor 
and somatosensory lesion studies by the Giszter lab, strongly suggest that trunk 
sensorimotor elements are also essential for autonomous recovery and biomechanical 
adaptations seen in WS neonatally spinalized rats.   Lesioning the region of the primary 
somatosensory (S1) cortex that would normally contain the sensory-motor overlapping 
representations of hindlimb and mid-low trunk in an intact rat, but is motorically silent in 
a spinalized neonate, resulted in significant or complete loss of recovered function in WS 
neonatally spinalized rats [7].  The ‘wheel barrow’ biomechanical adaptation and 
autonomous WS locomotion were all loss.  The cortical lesion results suggest that 
recovery in these animals is also dependent on the trunk sensorimotor cortex function and 
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overlapped somatosensory cortex, i.e. trunk sensorimotor integration in the trunk-
hindlimb somatosensory cortex [7, 15-17].  The role of such sensorimotor integration is 
neonatal recovery is also evidenced by the plastic changes seen in the overlapping 
trunk/hindlimb somatosensory cortex in WS adult rats spinalized as neonates that receive 
treadmill sensorimotor training [37].  Currently, the role of trunk sensorimotor elements 
supporting locomotor recovery in adult rats spinalized as neonates is not fully 
understood.  Therefore, investigating the trunk’s sensorimotor role in this recovery would 
not only increase our understanding of SCI, but also improve interventions that could 
further enhance functional recovery after SCI.   
 
Accordingly, in this thesis we explored the rehabilitative capacity of the trunk and the 
role it plays in locomotor recovery in adult rats injured as neonates. The extent to which 
such axial muscle control could contribute to recovery of weight support after transection 
in neonatal rats is currently unknown.  Current rehabilitative regimens for neonatally 
spinalized rats involve treadmill sensorimotor training which reinforces normative 
hindlimb muscle afferent input to the CPG to facilitate a normative locomotor pattern, 
and promote plasticity of hindlimb afferent-CPG pathways.  Treadmill training is usually 
done without much concern for the trunk’s involvement in locomotion.  Since it has been 
demonstrated the trunk sensorimotor cortex and trunk musculature are crucial elements 
for autonomous weight supported locomotor recovery in neonatally spinalized rats, then 
excluding the trunk may limit rehabilitative recovery.  We speculate that autonomous 
weight supported locomotion is accomplished in WS adult rats spinalized as neonates 
partly because they are able to use their reorganized trunk cortex to recruit caudal (mid-
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low) trunk muscle via a broad multi-segment trunk motor nerve recruitment 
mechanism (Hypothesis Ia).  Consequently, the ensuing caudal trunk afferent responses 
to the cortically influenced caudal trunk activation, engages neuronal reflex pathways 
between trunk muscle afferents and the locomotor generators (Hypothesis Ib) that 
would otherwise have been disconnected from cortical influence.  Therefore, a 
rehabilitative paradigm that involves dynamic mid-low trunk sensorimotor interactions 
will reinforce trunk afferent input in reflex pathways between trunk muscle afferents and 
the locomotor generator.  We termed this: trunk sensorimotor training.  In combination 
with treadmill training, this could promote trunk-hindlimb integration, as well as promote 
plasticity of trunk-hindlimb-CPG afferent pathways to facilitate locomotor recovery in 
spinalized neonatal rat.  Therefore we hypothesize that: 
Hypothesis II:  A dynamic sensorimotor rehabilitation approach that interacts at the 
caudal trunk during quadrupedal treadmill locomotor training in spinalized neonatal 
rats, will promote better trunk-hindlimb integration and perrhaps  autonomous weight 
supported locomotor recovery, (possibly by reinforcing trunk afferent-locomotor 
pathways suggested in Hypothesis Ib). 
 
Recently, sensorimotor therapies have begun to incorporate robotic devices for 
rehabilitation after spinal cord injury.  Robotic sensorimotor therapy generally involves 
the use of a robotic device to physically interact with and assist a patient during a task 
specific movement.  The degree of interaction and assistance provided is dependent on 
the control scheme/strategy implemented by the robot.  Most robotic assistive devices 
implement some form of impedance control.  Originated in the MIT-Manus, impedance 
control uses elastic or viscous force fields (generated by the robot) to assist in 
maintaining a desired movement pattern during therapy [38-44].  Robotic assistive 
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impedance control strategies focus on a common, underlying idea: when the patient 
moves along a desired trajectory, the robot should not intervene, and if the participant 
deviates from the desired trajectory, the robot should create a restoring or assistive force, 
which is generated using an appropriately designed mechanical impedance (elastic or 
viscous). 
  
Implementing a robotic assistive impedance control strategy focused at the caudal trunk 
musculature during locomotion is one way of accomplishing our trunk sensorimotor 
training.  This is the hypothesis forming the foundation for Specific Aim II.   
Specific Aim II:  Examine locomotor and weight support recovery in neonatal injured 
rats in response to a combination of treadmill training, and an impedance control 
training technique applied at the mid/low (caudal) trunk musculature. 
 
We have developed an impedance based robotic rehabilitation system that has the 
capability of providing elastic forces around the rat’s caudal trunk via an implanted 
pelvic orthosis, while the rat locomotes on a treadmill.  Our robotic trunk rehabilitative 
system allows us to implement a novel rehabilitative approach of trunk sensorimotor 
training in a quadrupedal fashion in combination with treadmill training, which has never 
been done before in rats.  In addition to trunk sensorimotor training provided by our 
robotic apparatus, the system also allows us to interact with the rat at the pelvis, which is 
the nexus of hindlimb-trunk interaction.  This mechanical interaction allows us to 
potentially achieve several things: (1) we can interact with the limbs during the stance 
phases through force loading or unloading applied at the pelvis, (2) we can assist 
interaction with control of the pelvis by the trunk, (3) we can apply forces to move the 
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trunk, pelvis and proximal limbs into a kinematically more normal quadrupedal 
configuration despite lack of adequate hindlimb force production or coordination, (4) we 
can indirectly assist interaction with forelimbs through trunk in a more normal 
quadrupedal configuration.  Ultimately, we believe that this paradigm has the possibility 
of not only strengthening trunk musculature, but also enhancing autonomous hindlimb 
alternation, forelimb-trunk-hindlimb integration, and weight supported stepping. 
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II. Background and Significance:  
 
IIa Overview    
In the adult rat and cat, recovery of locomotion following low thoracic transection is 
limited. Cats spinalized as adults show hindlimb stepping after intense training, but are 
not capable of integrating this into an autonomous weight support during locomotion [10, 
45-48].  Adult spinalized rats show even less recovery [49].  However, it is known that 
~20% of neonatal rats spinalized at age P0-P5 recover autonomous weight supported 
(WS) locomotor function as adults [15, 50-52]. This probability can be further improved 
to 60% by interventions such as fetal transplant of E14 spinal tissue at the time of injury 
[15, 50-52].  For this reason neonatal spinalized rats have been a point of focus in SCI 
studies over the years.  Neonatal spinalized rats that recover WS appear to develop 
sensorimotor adaptations that allow them achieve autonomous weight supported stepping 
after injury.  These adaptations are not observed in adult SCI rats.  These adaptations may 
be attributed to neural critical periods in motor development in the neonatal rat.  Since 
transection occurs before several neural critical periods, then the degree of plasticity and 
regeneration in the underdeveloped and unrefined neonatal CNS may be greater, and thus 
allow for more recovery of motor function [53-58].  Conversely, due to the fully 
developed fine structure of the adult CNS, the plastic and regeneration elements available 
after adult SCI are perhaps limited and inadequate in achieving similar levels of recovery.   
 
Unfortunately, the complete mechanisms by which spinalized neonatal rats develop 
autonomous weight supported locomotion are not fully known.   Previous work from our 
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lab suggests that reorganized cortical trunk representation and richer mid-low trunk 
muscle recruitment may be one adaptation for weight supported locomotor recovery in 
these animals [7].  Further studies that investigate the mechanism(s) underlying the 
influence of the trunk in neonatal SCI rat recovery have not been done.  Accordingly, in 
this thesis we explored the influence of trunk sensorimotor mechanisms on locomotor 
recovery after SCI in the neonatal rat.   
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IIb Relevance to Spinal Cord Injury 
Approaches to spinal cord injury include:  
• rehabilitation training [45, 46, 59-62], which utilizes intrinsic and use-dependent 
plasticity,  
• transplantation and repair using cellular therapies [15, 49, 61, 63], which aim to 
protect or rebuild circuits or to provide a neural bypass,  
• pharmacological approaches, which supply lost neurotransmitters [15, 63], and  
• neuroprosthetics and neurorobotics, which provide an engineered technology for 
bypassing the injury [64-71].  
 
One aspect of this thesis focuses on rehabilitation training in a neonatal rat spinal 
transection model.  Our approach is important for several reasons. Caudal trunk and 
pelvis robotic rehabilitation approaches and training are being developed for the clinic, 
and are being tested in clinical settings [72-78].  However, there are no current animal 
models of this therapy. Using animal models for this line of investigation will obviously 
provide more research flexibility than is currently available in human subjects.  
Currently, animal models of robotic locomotion rehabilitation have focused mostly on the 
lower limb sensorimotor training via interacting at the ankle via bipedal means, and thus 
do not allow for quadrupedal forelimb-trunk-hindlimb integration [59, 79, 80].  In light of 
results from neonatal SCI recovery studies that suggest trunk influence as a key feature 
for recovery [7, 17, 18, 26], it follows that implementing a rehabilitation strategy that 
focuses on caudal axial musculature around the pelvic region, which is the nexus of 
forelimb-hindlimb interaction, could potentially address this issue of trunk-limb 
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integration.  The extent to which such axial muscle contributions could improve recovery 
of weight support after transection injuries in adult rats is currently unknown.  
Accordingly, in this thesis we explore the rehabilitative capacity of the trunk in 
neonatally spinalized rats.  We have developed a robotic system and surgical techniques 
for a rat model that allows us to investigate this.  Our rehabilitative paradigm involves 
trunk sensorimotor training by implementing a robotic assistive impedance control 
strategy focused at the caudal trunk musculature during locomotion.   
  
Many studies have investigated reflex regulation of hindlimb afferents on locomotor 
output, as well as neuronal pathways between hindlimb afferents and trunk 
motorneurons.  Though it is known that trunk motor activations (crawling) are possibly 
driven by the CPG in the early days of the neonatal rat, no studies have been conducted to 
investigate the influence trunk muscle afferents have on the locomotor output.  
Accordingly, in this thesis we also explore the effect of trunk muscle afferents on 
locomotor output.  The results from this investigation could provide further insight into 
the other intrinsic mechanisms underlying spinal reflex regulation of locomotion.    
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IIc Literature Review 
IIc.i Biomechanical and Neurophysiological role of Trunk in Intact 
Rat locomotion:  
Coupling of specialized circuits in the lumbar and cervical spinal cord by propriospinal 
neurons mediate forelimb and hindlimb rhythmicity in rat locomotion. As in quadrupeds, 
experiments have indicated that humans also share a similar neuronal coupling 
mechanism of upper and lower limb control during locomotor activities [60, 81]. This 
suggests that human bipedal locomotion could possibly be a result of evolutionary 
specialization of an older quadrupedal locomotor control. Lower creatures (fish, lamprey, 
etc) also have a primitive neuronal network for producing alternating trunk movements 
that enable locomotion. From a phylogenetical perspective it is quite possible that the 
neural circuitry underlying locomotion in quadrupeds (and eventually humans) is 
specialized from and layered onto this older neuronal network that controls trunk 
movements in lower creatures. Recent fictive locomotion experiments by Takahashi et 
al.[36] revealed distinctive rhythmic patterns of activity in trunk muscle nerves in 
decerebrate cat, which suggests trunk action is somewhat influenced by spinal locomotor 
rhythmic generators. In addition, Femano et al described reticular projections to trunk in 
the rat associated with lordosis and other related actions in addition to locomotion [82].  
Therefore control of trunk is probably influenced by similar segmental motor systems and 
interneuronal spinal circuitry that also control fore- and hindlimb actions in parallel.  
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Examples of Rhythmic discharges recorded from LL (Longissimus Lumborum) and 
OEA (Obliquus Externus Abdominis) muscle nerves.  The rhythmic discharges 
recorded from the LL and OEA muscle nerves show some relationship with those of 
the PBST(Posterior Biceps and Semitendinosus) and LGS(Lateral Gastrocnemius 
and Soleus).  Takahashi et al. 1997. 
 
The relationship between trunk activity and locomotion is further evidenced by early 
postnatal rat studies that show that trunk movements (primarily crawling movements) are 
instrumental to locomotion, and trunk muscle activation is strongly coupled with 
locomotor activity.  Gradual changes in trunk-locomotor coupling patterns and latencies 
are seen during the first 3-4 weeks after birth [28, 29].  The basic trunk-locomotor 
coupling pattern is seen in about 50%-80% of the recorded steps in the first 3 weeks.  The 
trunk-locomotor pattern typically begins with contralateral coupling of trunk activity and 
hindlimb extensors in the first 3 weeks, with the hindlimb activation lagging trunk 
activation.  This is then followed by an ipsilateral coupling between trunk and hindlimb 
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activation in the later postnatal period when the descending spinal cord is fully formed 
(~P22-P26).  However, in adulthood (>P26) a more tonic pattern (primarily posture 
related) in trunk activity is observed during locomotion with coupling pattern seen in 
only about 20% of recorded steps.  In some cases (during accelerated walking) the 
frequency of observed trunk-CPG coupling increases, suggesting that the coupling 
mechanism (though diminished) is still available in adult rats as a backup or auxillary 
mechanism to possibly aid in acceleration or corrections.  This clearly indicates a 
developmental functional shift of trunk muscles from initially being used primarily for 
locomotion to more postural control and stabilization later.  The results from these studies 
indicate that from the early postnatal period to about 3-4 weeks later, trunk muscle 
activity is strongly coupled to the rhythmic activity in the motorneurons innervating the 
hindlimb extensors during locomotion.  This suggests that trunk muscles are influenced 
by the CPG for locomotion[28, 30].   
 
If the CPG regulates trunk muscle activation that in turn controls locomotor movements 
in neonatal rats, similar to that seen in CPG control of adult hindlimb locomotor patterns, 
then it is likely that the trunk afferents also regulate and influence CPG output in the 
neonatal rats similarly to how the hindlimb afferents regulate CPG output in the adult rat.  
As suggested by the results in the locomotor development of neonatal rats, this mode of 
CPG modulation may also diminish as the rat develops into adulthood but may not be 
completely eliminated.  Specific Aim Ib of this thesis seeks to explore the vestigial trunk 
afferent regulatory effects on CPG control in intact adult rats.  The persistence of trunk-
CPG regulatory pathways in the adult rat will allow us make the assertion that trunk 
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afferents may have a larger CPG regulatory influence in the neonatal rat.  Since neonatal 
transections (P1-P5 transections) typically occur before several neural critical periods in 
the neonatal SCI model, then it is quite conceivable that the transection may prevent the 
aforementioned developmental functional shift of trunk-locomotor coupling controls, as 
well as permit more plastic changes in the neuroanatomical and neurophysiological 
features involved in trunk-CPG pathways during the critical periods.  Consequently, as 
neonatally spinalized rats mature, some may then manage to adapt this trunk-locomotor 
reflex regulation in a way that allows them recover autonomous locomotion and weight 
supported stepping.  Identifying such trunk reflex pathways would be beneficial in 
developing novel therapies to improve recovery in rats spinalized as neonates.    
 
 
 
 
 
 
 
 
 
 
 
 
 
22 
 
 
 
 
T
able show
ing percentage of stepcycles that show
 coupling betw
een E
M
G
 activity in the gastrocnem
ius m
uscle 
and L
ongissim
us m
uscles from
 P12 (postnatal age  day 12) to adulthood in the rat.  G
ram
sbergen et el 1998 
23 
 
IIc.ii Location of Hindlimb and Trunk Motor Pools 
The location of motor pools of rat and cat hindlimb, abdominal, and pelvic muscles have 
been identified in the spinal cord using retrograde transport of horseradish peroxidase 
(HRP)[19, 25, 83].  The segmental distributions of abdominal motor pools are as follows:  
Rectus abdominis: spinal segment T4-L3;  
External and internal oblique: spinal segment T6-L3;  
Transverse abdominis: T9-L3;  
Longissimus: All thoracic and early Lumbar spinal segment.   
The segmental distributions of pelvic/hip motor pools are as follows:  
Iiliopsoas, psoas minor/major: T11 – L3; 
Gluteal muscles:  T10 – L5. 
Motor pools of hindlimb muscles ranging from proximal (Quadricep and Hamstrings) to 
distal (Tibialis, Plantaris, Gastrocnemius e.t.c) were all distributed between segments L2 
– S1. 
These distributions clearly indicate that after low thoracic rat transection (T9/T10 
transection) some trunk motor pools are located above as well as below the injury.   
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IIc.iii Corticospinal trunk mechanism essential for adult locomotor 
recovery in neonatal spinalized rats:  
Giszter et al compared locomotor performance between rats spinalized as neonates (P1-
P2 TX rats) and rats spinalized as neonates but receiving transplants of embryonic spinal 
cord (P1-P2 TP rats) [7, 15]. The study revealed that transplant intervention increased the 
probability of weight supported (WS) locomotor recovery in spinalized neonates from 
~28% (in P1-P2 TX rats) to ~68% (in P1-P2 TP rats).  All transplanted WS rats (TP) 
showed some serotonergic (5HT) projections below the lesion site, which were absent in 
WS rats that did not receive transplants (TX). This confirmed that the transplant 
promoted some bridging of descending serotonergic (5HT) fibers. However, the extent of 
5HT bridging did not directly reflect the level of recovery in TP rats. This is not 
surprising given that some TX rats were also able to recover weight support in the 
absence of caudal 5HT projections. Data from intra-cortical microstimulation in TX and 
TP rats also revealed a reorganized cortical representation of the mid-low trunk motor 
area. However, the transplant enabled greater cortical development of the trunk 
representation (larger area of representation) in TP rats in the normal trunk location in the 
cortex.  
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Figures showing motor cortex maps from intracortical microstimulations of the left 
cortices of a normal intact adult rat (top left),  a weight supporting adult rat 
transected as a neonate (bottom left), and a non weight supporting adult rat 
transected as a neonate (bottom right).  Shaded key for body representation (top 
right).  Rostral orientation at the bottom of each map and caudal is at the top.  The 
(0,0) coordinate in each map is bregma. Giszter et al. 1998. 
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Given that WS TX and WS TP rats achieve similar levels of weight supported 
locomotion recovery, then it is quite possible that partial bridging across the injury due to 
the transplant may not be the primary reason for this recovery.  It is perhaps more likely 
that the reorganized cortical trunk representation and its projections to the mid/low trunk 
motor pools in the spinal cord (rostral to the lesion) are essential in achieving functional 
locomotion in WS TP and TX.  This suggests that the recruitment of mid/low axial 
musculature from the cortex is a crucial element for the recovery of autonomous weight 
supported locomotion.  
 
Studies have previously suggested that skilled tasks in intact rats are entirely cortically 
dependent, but unskilled tasks such as autonomous weight supported stepping and 
balance during basic locomotion may not be primarily dependent on the motor cortex [55, 
81].  Lesions to the adult rat sensorimotor cortex reveal that the spinal cord alone is 
capable of executing unskilled basic gait over a level surface (i.e. with autonomous weigh 
supported and balanced steps) [55].  However, the aforementioned findings in SCI 
neonates reveal a cortically dependent locomotor control element. These findings suggest 
that WS injured neonates develop autonomous weight supported stepping and balance 
during basic locomotion as a skilled task at the cortical level, which differs from spinal 
regulated locomotor control seen in intact rats  [55, 81].  Hence, reorganized trunk motor 
patterns at the cortical level could be a possible solution incorporated by SCI neonatal 
rats to handle a reduced CNS during locomotion.  In this proposal we shall use a 
rehabilitative paradigm that focuses on the trunk musculature to investigate the impact 
training the trunk motor elements has on recovery in neonatal SCI rats. 
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IIc.iv Trunk Biomechanics in Autonomous Weight supported recovery 
in spinalized neonates:  ‘Wheelbarrow Race’ analogy 
The conceptual model of recovered locomotion in rats spinalized as neonates is that of a 
‘wheelbarrow race’ in which the two autonomous controls (cervical & lumbar) try to 
achieve balanced quadrupedal motion through tight mechanical coupling along the trunk.  
In the wheel barrow race analogy, two people simulate a wheelbarrow.  The arms of the 
front person and legs of the rear person must be coordinated and balanced while the front 
person’s body is supported cooperatively by both [27].  The rear person’s step is guided 
through the mechanical actions and communications of the front person.  The weight 
supported locomotion seen in adult rats spinalized as neonates is analogous to this: the 
lumbar CNS is “blinded” and lacks vestibular information, and all communication is 
through tight mechanical coupling of the thoracic and pelvic body parts, mediated 
primarily through the trunk since the thoracic axial musculature is partly shared by both 
parts [27].  If we assume that the pelvis and thorax to be two interconnected rigid bodies, 
then the trunk serves as the linkage (hand-leg grip in the ‘wheel barrow race’) that 
couples force back and forth.  This tight mechanical coupling is also evident in the 
locomotion ground reaction forces (GRF) of these animals. The forelimb and hindlimb 
rostrocaudal GRF act in opposition, rather than in the synergistic propulsive or braking 
manner seen in intact rats [26].  Since the forelimbs and hindlimbs acted in opposition, 
the trunk is held compressed, which suggests an increased trunk muscle stiffening that 
possibly aids in coupling hindlimb action with forelimb action.  This is also supported by 
their hunched trunk posture.  A similar opposing force action is seen in the pivoting 
movement of octopus tentacles, which is a muscular hydrostat [84].  Given that trunk 
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musculature could be modeled as a muscular hydrostat, it is conceivable that WS SCI 
neonates locomote by manipulating trunk forces in a similar pivoting manner. It is also 
conceivable that this strategy entrains the lumbar involuntary controls with 
cervical/thoracic voluntary controls to produce coordinated gait via mechanically 
interactions along the whole trunk musculature.  These trunk control strategies are likely 
regulated and controlled by the reorganized cortical trunk representation seen in these 
rats.  The reorganized cortical representation suggests refined and richer trunk control.  
Accordingly, modified cortical trunk control and contractions may be one of several 
strategies for functional recovery in these animals. 
 0.05ms 
0.05ms 
Figures showing rostrocaudal ground reaction forces in normal intact adult rat 
(top), and weight-supporting adult rat transected as neonate (bottom).  In the intact 
rat, synergistic propulsive actions of forelimbs (dotted line) and hindlimbs (solid 
line) are shown by overlapping and similarly directed forces. Rostrocaudal forces 
correlate well. In weight supporting adult rat transected as a neonate, forelimb and 
hindlimb forces are coordinated in opposition.  Rostrocaudal forces correlate 
negatively and in a manner significantly different from normal intact rat. Giszter et 
al. 2008. 
29 
 
We know that trunk muscles are distributed over a wide area of the axial region and are 
innervated by thoracic and some lumbar spinal segments [19].  Studies have also shown 
that spindle density in dorsal trunk muscles are very high [20-22] indicating a broad and 
strong proprioceptive reflex recruitment in the trunk [23].  The mechanism for such broad 
reflexes typically occurs through connections and pathways in the spinal cord.  After 
injury these connections are severed and some trunk motor pools associated with more 
caudal trunk muscle segments are located in lumbar spinal segments below the spinal 
injury [19, 24, 25].  But it appears that in WS neonatally injured rats, trunk muscles 
caudal to the periphery of the injury are still influenced by cortical control of trunk 
muscles [7, 15, 18, 26].  Given that reflex activity in trunk muscles are broadly 
distributed across many trunk segments [20-22], it is therefore conceivable that  trunk 
motor nerve recruitment of trunk muscles is also broadly distributed across many trunk 
segments.  In other words, peripheral trunk motor nerve activity in the thoracic trunk 
segments could also recruit lumbar trunk segments, thus producing trunk afferent reflexes 
in the lumbar trunk segments that impact lumbar motor pools (trunk or otherwise).  Such 
broadly distributed trunk motor activation bypasses the severed spinal cord and permits 
reflex mechanisms not limited to afferent collateral bifurcations in the spinal cord.  This 
manner of trunk recruitment-reflex action could quite possibly integrate and coordinate 
voluntary cervical control with the disconnected lumbar pattern generator in the neonatal 
spinalized model [18].  In this proposal, we investigate the distributive influence thoracic 
peripheral trunk motor neuron activity (rostral-mid trunk muscle segment) has on trunk 
muscle segments caudal to the level of the same peripheral nerve in an intact and 
transected cord (Specific Aim Ia).  
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IIc.v Pattern Generators in the spinal cord: CPG 
The spinal cord contains special neuronal circuitry that produces various rhythmic 
locomotor patterns when activated such as scratching, swimming and locomotion, even in 
the absence of afferent feedback or descending inputs [85-88].  These neuronal circuits 
are called central pattern generators (CPG) and are located in the spinal cord.  They 
organize and coordinate the activation of flexor and extensor motorneurons during 
locomotion.  The classical architecture for the locomotor CPG is the half-center 
oscillator.  In the half-center model, each limb is controlled by a separate CPG.  Each 
CPG is made up of reciprocal inhibitory interconnections between 2 pools/halves of 
excitatory interneurons that directly control extensor motorneuron activity (during stance 
phase) and flexor activity (during swing phase).  The half centers are termed extensor 
half center and flexor half center respectively.  The reciprocal inhibitory circuit between 
the flexor and extensor half centers makes certain that only one excitatory half center is 
active at any time. 
 
The locomotor generating ability of the lumbosacral cord has been investigated in depth 
in both fictive and spinalized rat preparations [48, 85, 89-91], and findings suggest that 
the locomotor CPG is typically located in the lumbosacral segments of the spinal cord.  
For this reason, rehabilitative strategies primarily exploit CPG circuits to restore 
locomotor function after thoracic SCI in mammals.  Studies have clearly shown that SCI 
animals are able recover some locomotor function in their hindlimbs with adequate 
locomotor sensorimotor training (treadmill training).   In quadrupeds, the lumbosacral 
and cervical CPG circuits are known to be different and control the hindlimbs and 
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forelimbs respectively, with the trunk and thoracic spinal cord respectively forming a 
mechanical and neural coupling between these two control via  propriospinal and 
descending systems [21, 81, 82].  That said, current rehabilitative strategies do not focus 
on the trunk’s role in locomotor recovery after SCI.  In this thesis we investigate the 
possibility of trunk afferent neuronal-CPG pathways that may be the underlying 
mechanisms used by neonatally spinalized rats to recover autonomous WS stepping.  We 
also explore a rehabilitative paradigm that primarily reinforcement these trunk-afferent 
neuronal CPG pathways via trunk sensorimotor training to improve recovery in these 
rats. 
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IIc.vi Impact of Afferent feedback on Locomotor CPG 
De-aferentation, muscle paralysis and isolated cord studies [92, 93] (collectively termed 
fictive preparations) have all shown that  the spinal cord is capable of generating 
rhythmic motor output in the absence of patterned peripheral feedback.  However, 
although quite impressive and somewhat similar, the resulting locomotor movements 
show some deficits and ‘ataxia’ when compared to motor patterns seen with intact 
nervous systems.  These studies suggest that sensory feedback is necessary for 
appropriate locomotor control and is critical in modifying and stabilizing CPG-rhythmic 
motor output in order to facilitate constant locomotor pattern adaptations to the 
environment.   Many experiments have also shown that to a limited degree, sensory 
feedback can drive or even terminate rhythmic behavior.  At present, many researchers 
agree that afferent input is important but extrinsic to CPG functioning.   
 
Afferent inputs impact the CPG is many ways to allow the rhythmic motor output to 
adjust to environment and context changes.  One role sensory feedback plays is in 
facilitating phase transitions during locomotion, primarily to ensure that certain motor 
behaviors recruited in one phase of the rhythm are not initiated until the correct state 
requirements or proprioception of a particular limb is attained.  Afferent input from 
muscle spindles (group Ia) of the stretched hip flexor muscles during hip joint extension 
in the late stance phase of  locomotion  trigger a monosynaptic stretch reflex which 
causes a flexor burst that transitions limb stance to limb  swing [33, 94].  In spinalized 
cats, extension of the hip joint is sufficient to initiate swing [33].  A similar phase 
transition during locomotion is also seen in afferent input from Golgi tendon organs 
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(group Ib) of hindlimb extensors [31, 94-96].  Changes in these load bearing sensor 
afferents regulate swing to stance transitions.  The initiation and regulation of step phase 
transitions from afferent inputs from hip joints and hindlimb extensors have been 
investigated in detail in numerous studies in humans with similar results [31, 33, 95, 97-
103].  
 
Afferent signals also play an important role in timing, duration, and duty cycle of 
locomotion phases.  This operates primarily to ensure that the timing or duration of a 
particular motor output in one limb is appropriate for the biomechanical state of a 
relatively moving limb.  Subsequently, the duty cycle of stance and swing phase can be 
altered by altering or perturbing the regular activity of these sensory signals during 
locomotion.  Examples of such perturbations have also been studied.  For instance 
increasing hindlimb load (increased extensors Ib Golgi afferent activity) and or reduced 
hip extension during stance delays swing onset and thus increases the duration of the 
stance phase, while increased hip extension during stance and or reduction in hindlimb 
loading initiated early swing [98, 104, 105].  For certain perturbations, the hip position 
appeared more important, whereas for others, loading was more significant.  Another 
example shows that stimulation of the cutaneous nerve of the dorsal surface of the cat’s 
foot typically enhances extensor activity during the stance phase and flexor activity 
during the swing phase during locomotion [34, 106].  Therefore, it appears these reflex 
pathways are key in driving and adjusting the step cycle.  One mechanism by which the 
afferent signals (mainly Ia muscle spindles) impact the CPG is via presynaptic inhibition 
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of Ia axons which reduces the excitatory synaptic transmission of the Ia synapses on 
motor neurons in the rhythmic circuit. 
Recent studies have also revealed the influence of of Ib afferent feedback to the 
locomotor CPGs. Stimulation of Ib afferents from the Golgi tendon organs of ankle and 
knee extensors during fictive locomotion in transected cats evoked excitation of other 
synergistic extensor motorneurons, rather than the anticipated Ib autogenic inhibition we 
are most familiar with [35, 97, 107, 108]. 
 
Neonatal spinalized rats that recover autonomous weight supported stepping as adults 
develop a reorganized cortical trunk representation [7].  Cortical control of trunk motor 
pools above the injury site appear to be crucial for recovering weight supported stepping 
in these rats.  The reorganized cortical trunk representation suggests refined and richer 
trunk control [7].  The extent to which trunk sensorimotor elements could contribute to 
recovery of weight support in neonatal SCI is not fully understood.  Given that the CPG 
controls hindlimb locomotor output, and hindlimb afferents modulate locomotor reflexes 
in the adult rat [31-35], then it is conceivable that since CPG influences trunk locomotor 
movements (crawling) in neonatal rats [28, 29, 36], then trunk afferents could also 
modulate the CPG-locomotor output.  Accordingly, in this proposal we investigate the 
effect of trunk afferent reflex pathways on locomotor output.  Findings from this 
investigation will allow us to begin answering questions about the role trunk muscle 
afferents play in locomotor recovery after SCI. 
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IIc.vii Lumbosacral Cord can adapt to novel perturbations and 
eventually learn 
Alterations to the intact, normal gait pattern occur on different time scales, ranging from 
fast, reactive adjustments to slower, more persistent adaptations.  Slow adaptive long-
term responses to novel situations are typically indicative of supraspinal influence and 
learning.  In SCI studies, it is evident that with task specific motor training, the plastic 
nature of the spinal cord allows new neuronal connections to be formed.  This usually 
takes a significant and lengthy period.  However, lumbar spinal cord alone is capable of 
generating fast, short lived corrective and adaptive responses to perturbations to maintain 
coordinated stepping as seen in obstacle-stumbling response in spinal cats  [34, 109, 110].  
In the obstacle-stumbling response, when an object is placed in front of a spinal cat on a 
treadmill such that the dorsal hindlimb paw strikes the object during swing, the swinging 
hindlimb would increase its swing height to clear the obstacle and avoid the perturbation 
in its path.  This is attributed to the state-dependent property of the spinal cord circuitry 
which enables highly functional and integrated responses over shorter latencies to enable 
response to novel perturbations[62].   During the stumbling correction response seen in 
spinal cats, the hyperflexion during swing usually persist for several steps even after the 
obstacle has been removed which indicates that the central adaptation was not short-
lived.  This suggests that some form of learning and memory can be attributed to the 
lumbosacral cord.   
 
Further evidence of the persistent learning/memory capacity of the lumbosacral cord in 
response to mechanical events has been demonstrated in SCI neonatal rats.  These studies 
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showed that in the presence of persistent force perturbation on the hindlimb (ankle) of a 
spinalized rat, within only a few steps, the lumbar cord was able to mediate and maintain 
adaptive corrections to maintain step coordination by adjusting step timing and 
kinematics in a short period of time [111, 112]. 
These findings clearly imply that: 
• the spinal cord can learn in a very short period of time in the absence of 
supraspinal control , 
• The learned responses can be maintained to ensure behavior (stepping). 
To maintain a certain behavior or motor output  the spinal cord is in essence “solving” 
problems in real time based on changing input of afferent signals from the environment, 
even though the means to the endpoint differ[62].  Currently the mechanisms underlying 
this spinal learning are unknown, but it has been suggested the cellular processes similar 
to that for long-term potentiation (LTP) and long-term depression (LTD), which are vital 
in hippocampal learning, are also exhibited in dorsal horn neurons in the spinal cord in 
response to nociceptive stimuli and may be responsible [62, 113-115]. 
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IIc.viii Task specific Sensorimotor Training is crucial for recovery and 
reorganization:  
Peripheral sensory information can be processed by the spinal cord neural circuitry 
without supraspinal input after SCI.  Part of the reason for this is the fact that much of the 
sensorimotor circuitry that regulates spinal reflexes associated with locomotion are 
autonomous and preserved within the lumbosacral spinal cord [116-118].  After 
supraspinal control has been severed by injury, this spinal circuitry typically remains 
intact preserving spinal locomotor reflexes such as stumbling-correction reflex.  In 
addition, due to the plastic nature of the CNS, the spinal circuitry is also quite adaptive. 
The autonomous control and adaptive features of the spinal circuitry provide 
opportunities for SCI therapies that we are just beginning to uncover.  By regularly 
training the spinal motor mechanisms to perform a given task in spite of impairment, 
reorganization of existing spinal neural circuitry mediated by afferent feedback and 
sensorimotor integration within the spinal cord leads to functional recovery of the motor 
impairment. This is evidenced by the ability to train spinalized cats to either stand or 
walk [11, 116-120].  Although the central processes underlying this improvement are still 
poorly understood, studies have shown that such sensorimotor training also induces 
reorganization of adult cortex that also reduce motor impairment after injury [54, 89, 
121]. This has been fundamental in robotic assistive therapy with MIT-MANUS for 
upper limb after stroke, and has shown statistically significant reduction in motor 
impairment [38-44, 59, 74, 75, 77-80, 122, 123].  
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In this thesis proposal, we offer a structured motor rehabilitation sensorimotor training 
method potentially capable of inducing trunk cortical reorganization in rats similar to that 
observed in neonatal injuries.  In combination with treadmill sensorimotor training, our 
training paradigm focuses on training trunk motor elements in a functional manner to 
promote similar autonomous weight support seen in neonatal recovery. Given that the 
cortex is capable of learning and undergoing plastic changes, we believe that our trunk 
training paradigm will put the animal in an environment that supports the acquisition of 
the desired functional trunk motor skill. This approach could reveal recovery mechanisms 
of cortical plasticity.  
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IIc.ix Robotic Assistive Rehabilitation Using Impedance Control 
In recent years, there has been an increasing interest in incorporating robotic devices in 
rehabilitation therapy after spinal cord injury.  The paradigm for robotic therapy 
generally involves using a robotic device to physically interact with a patient during a 
task specific movement.  Clinically, many robot control strategies have been proposed 
and explored.  These strategies range from assistive to challenge-based.  Manually 
assisted rehabilitation/therapy can be very labor-intensive, and as a result this could limit 
the duration and frequency of training due to fatigue of the therapist and could ultimately 
limit optimum therapeutic recovery.  Conversely, with robotic assisted therapy, the 
duration and frequency of therapy can be increased with repeatable precision to optimize 
the recovery outcome.   In addition, robotic therapy also has the advantage of providing 
quantitative measures that allow for objective analysis of the recovery process.   
 
So far assistive robotic strategies have been the primary therapy strategy focus used in 
SCI rehabilitation and have shown some promise.  As the name suggests, assistive 
robotic SCI therapy involves providing external assistance via a robotic device to aid a 
patient accomplish a specific movement task.  The motivation for robotic assistive 
therapy is that therapeutic movements are precisely controlled and repeatable and thus 
‘massed’ task specific sensorimotor training can be accomplished to possibly optimize 
and promote motor and sensory plasticity[124].  Another rationale often offered in the 
context of locomotor training (e.g treadmill training), is that creating a normative pattern 
of sensory input will facilitate the motor system in reestablishing a normative pattern of 
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motor output.  Repetition of this normal pattern will reinforce it, improving unassisted 
motor performance[125, 126].   
 
Most rehabilitative robotic assistive strategies use simple feedback position controllers 
for providing assistance [38-44, 59, 79, 80, 122, 123].  In this type of controller, a desired 
trajectory is set and as the patient deviates from the desired trajectory the robotic 
controller generates a force that is proportional to the degree of deviation.  This strategy 
has been implemented clinically in the MIT-MANUS for upper extremity rehabilitation 
after stroke, and has shown statistically significant reduction in motor impairment [38-
44].  Clinically, LOPES and KineAssist are examples of devices that utilized robotic 
assistive strategies in walking rehabilitation following SCI [127, 128].   
 
Robotic assistive devices have begun to implement a variant of this strategy called 
impedance control.  Originated in the MIT-Manus, impedance control uses elastic or 
viscous force fields (generated by the robot) to assist in maintaining a desired movement 
pattern during therapy [38-44].  Assistive control strategies focus on a common, 
underlying idea: when the patient moves along a desired trajectory, the robot should not 
intervene, and if the participant deviates from the desired trajectory, the robot should 
create a restoring force, which is generated using an appropriately designed mechanical 
impedance (elastic or viscous)[126].  Controllers based on this principle provide a form 
of "assistance-as-needed", since assistance forces increase as the participant deviates 
from the desired trajectory[126].  In this thesis we use an impedance based robotic 
rehabilitation system that provides elastic force interactions around the mid-caudal trunk 
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of neonatally spinalized rats.  We believe this form of dynamic mid-low trunk 
sensorimotor interaction promotes plasticity of neuronal reflex pathways between trunk 
muscle afferents and the locomotor generators, and may facilitate autonomous locomotor 
recovery. 
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IIc.x   Effect of Group-I Extensor Afferents on Hindlimb Extensor 
motorneurons during Locomotion. 
Studies have clearly shown that muscle afferents can modulate locomotor pattern [95, 99, 
129-133].  It has also been demonstrated that this modulation is phase [134-139] (stance 
or swing during locomotion) and task [140, 141] (standing, walking or cycling) 
dependent.  For instance, stretching ankle extensor in human walking subjects reveal 
soleus EMG responses that are twice as strong during stance than swing [142, 143]; also 
spinal cats demonstrate stumbling-avoidance response to foot obstacles during swing [34, 
109, 110].  The simplicity (monosynaptic) and complexity (disynaptic and polysynaptic) 
of these afferent pathways also permit the influence of one (or more) muscle/joint 
proprioceptive afferent pathways on heteronymous or synergistic muscle modulation. 
 
We know that Group-Ib and -Ia afferents (Golgi tendon and muscle spindles respectively) 
excite motorneurons of antagonistic muscles monosynaptically in anesthetized cats [144].  
Interestingly, during fictive locomotion Group-I inputs from different hindlimb joint (hip, 
knee, and ankle) extensor muscles have also been shown to evoke increased disynaptic 
EPSPs in homonymous, as well as heteronymous, yet synergistic, extensor motorneurons 
in cats only [35].  The increased EPSP responses occurred only during the extension 
phase, but not flexion.  These EPSP responses were only seen during fictive locomotion 
(induced via MLR stimulation or during spontaneous locomotor activity).  These results 
suggest that transmission along these disynaptic pathways require locomotor-CPG 
activation and are phase dependent.   Conversely, hindlimb extensor Group-I inputs 
evoked EPSPs in synergistic flexor motorneurons, but the EPSP responses are present in 
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both step cycle phases and largest during flexion [145].  Of particular interest in these 
studies was the fact that during fictive locomotion, stimulation of ankle extensor Group-I 
afferents resulted in disynaptic excitation of extensor motorneurones acting at hip, knee 
and ankle joints during the extension phase of locomotion.  Conversely, stimulation of 
group-I afferents of hip extensor nerves did not result in a similar excitation of ankle 
extensor motorneurones. Interestingly, stimulation of Group-I hip extensor afferents did 
however evoke excitation in knee extensor (quadriceps) [35].  This is interesting because 
hip muscle groups (e.g iliopsoas and gluteal muscles) are not only involved in hip 
movements, but are juxtaposed to the trunk musculature and also involved in torso 
flexion and extension.  This clearly demonstrates the existence of locomotor dependent 
heteronymous reflex pathways between proximal muscles near the axial region and distal 
hindimb extensors.  In this proposal we seek to further investigate this by studying the 
effect of proximal trunk muscle afferents on distal hindlimb extensor motorneurons 
during fictive locomotion.  Findings from this investigation will allow us begin to answer 
questions about the role trunk afferents play in locomotor recovery after SCI. 
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1 CHAPTER ONE: EFFERENT MAPPING OF THE THORACIC 
PERIPHERAL TRUNK NERVE EFFECT IN INTACT AND ACUTE 
SPINALIZED ADULT RAT 
1.   Introduction 
One common model for studying spinal cord injury (SCI) is a complete low thoracic 
transection of the spinal cord. This injury completely inhibits functional hindlimb 
locomotion (paraplegia) but leaves most mid to some caudal trunk muscles still viable. In 
neonatally injured rats, 28% manage to recover significant locomotor function and 
achieve autonomous hindlimb weight supported (WS) stepping as adults.  Further studies 
in adult rats injured as neonates (NTX rats) strongly suggest that an enhanced, refined 
trunk cortical control of the mid-low trunk muscles might be a crucial element for the 
recovery for the following reasons:  
 • Reorganization and presence of the mid-low trunk cortical representation 
correlates to weight support  
 • Lesions to the trunk-hindlimb sensorimotor overlap cortical region resulted 
in complete loss of recovered function. 
The role trunk corticospinal mechanisms play in neonatal SCI recovery is further 
reinforced by the adaptations seen in the trunk mechanics during locomotion.  Analysis of 
autonomous locomotion in NTX rats reveal that the mid-low trunk is held compressed, 
which suggests an increased mid-low axial muscle stiffening that possibly aids in tightly 
coupling hindlimb action with forelimb action.  This is also supported by the hunched 
trunk posture seen during autonomous stepping [7, 15, 18, 26].   
 
45 
 
We know that trunk muscles are distributed over a wide area of the trunk, and we also 
know that trunk motor pool distributions span most of the thoracic and some lumbar 
spinal segments [19].  Trunk afferents enter the spinal cord and immediately bifurcate 
into long ascending and descending collaterals through the dorsal column and connect 
mono-and poly-synaptically with trunk motorneurons and motor pools at different 
segmental levels [146-148].  This is further supported by trunk reflex studies that show 
that because of high spindle density in some trunk muscles, reflex activity in trunk 
muscles are very strong and broadly distributed across many trunk segments [20-22].  
One mechanism for such broad reflexes typically occurs through connections and 
pathways in the spinal cord.  After T9/T10 spinalization, these connections are severed 
but some trunk motor pools associated with distal caudal trunk muscle segments are 
located in spinal segments below the spinal injury [19, 24, 25].  However, it appears that 
in WS NTX rats, these distal caudal trunk muscles are still influenced by cortical control 
[7, 15, 18, 26].  How is this possible given that the motor pools associated with these 
caudal trunk muscles are located in spinal segments below the transection?  Given that 
the cord is completely severed in NTX rats, then the broadly distributed trunk reflex 
mechanism via trunk afferent collaterals in the spinal cord is not an option.  It is therefore 
conceivable that the broadly distributed trunk reflex mechanism may not be limited to 
afferent connections in the spinal cord alone.   
 
It is likely that the efferent connections may also be a part of the broad trunk reflex 
distribution. Unlike typical myotome representations that suggest that trunk muscles in a 
particular trunk segment are primarily innervated and recruited by trunk motor nerves in 
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that particular segment, we believe that trunk motor neuronal recruitment is also broadly 
peripherally distributed across multiple trunk muscle segments.  In other words, thoracic 
trunk motor nerves that would primarily innervate thoracic trunk muscle segments also 
provide secondary innervations to neighbouring lumbar trunk muscle segments as well.  
Therefore some recruitment of lumbar trunk muscles may be facilitated by motor activity 
in thoracic trunk motor.  Consequently, motor neuronal activity in thoracic trunk 
segments would cause motor action in lumbar trunk segments thus producing trunk 
afferents reflexes in the lumbar trunk segments that impact lumbar motor pools below the 
transection site (trunk or otherwise), thus bypassing the aforementioned spinal cord 
connections.  We here termed this ‘trunk peripheral reflex chaining’.  We speculate that 
the enriched reorganized trunk cortical control seen in WS NTX rats enhances ‘trunk 
peripheral reflex chaining’, thus allowing cortical trunk control of thoracic trunk 
segments above the level of the injury to strongly recruit caudal trunk muscles and 
facilitate caudal trunk reflexes that engage trunk and other proximal synergistic motor 
pools in the lumbar cord below the injury.  This strategy bypasses the injury and we 
believe that this is a plausible strategy used to facilitate the activation of spinal locomotor 
generator circuits and motor pools [24, 25, 83] below the injury to autonomously elicit 
stepping in neonatally injured rats.  In this chapter, we begin to explore our ‘trunk 
peripheral reflex chaining’ hypothesis (Hypothesis 1a) by mapping the distributive 
recruitment effect of T9 motor neurons on neighbouring trunk muscle segments in adult 
rats before and after acute T10 spinal transection (Specific Aim 1a).   
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2.   Methods 
2.1   Surgical Methods and Experimental Procedures 
8 adult female Sprague–Dawley rats (250–300 g) were used in this study. All 
experimental procedures comply with the guidelines of the National Institute of Health 
Guide for the Care and Use of Laboratory Animals and received full IACUC approval. 
Animals were anesthetized intraperitoneally with 1.0ml/kg KXA (2.0ml Ketamine 
(100 mg/kg) : 1.0ml Xylazine (20 mg/kg) : 0.15ml Acepromazine (10 mg/kg)).  
Supplemental doses of KXA were administered intraperitoneally (IP) as needed to 
maintain a deep level of anesthesia during the procedure.  All surgical procedures were 
performed under aseptic conditions.   
 
A skin incision was made on the abdominal aspect to reveal the ventral trunk muscles of 
the rat.  A silicon sheet consisting of 10 grid distributed bipolar patch electrodes was then 
sutured to the abdominal muscles covering the Rectus Abdominis (RA), and the right and 
left Oblique Abdominis (OA) muscles to record abdominal EMG activity spanning the 
thoracic and lumbar aspects of the rat as shown in Figure 1.1b & Figure 1.2.  The grid 
sheet of bipolar patch electrodes was fabricated by threading 10 pairs of EMG wire (A-M 
systems inc: Teflon insulated 7 strand stainless steel wire) through a thin silicon sheet 
(approx 5cm * 6.5cm) using a 25 gauge needle, similar to method described by Loeb and 
Gans [149] (Figure 1.1a).  The EMG grid recorded segments of abdominal muscles (RA 
and OA) from ~ 0.3-0.4cm rostral to the xiphoid process to about the level of the pelvis 
as shown in Figure 1.1b. 
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Core body temperature was maintained at 37ºC using a heating pad.  2ml of lactated 
ringer was given subcutaneously every hour during surgery to keep the animal hydrated.  
A skin incision was made in the mid-dorsal back region and the fascia and muscles at the 
T8-T10 vertebral levels were removed. A laminectomy was performed at the level T9 -
T10 spinal segments.  The dura overlaying the T8-T9 spinal segment was removed to 
reveal the dorsal and ventral roots.  The sensory dorsal root was then cut to remove any 
direct or indirect afferent influence on motorneurons in other spinal segments due to the 
afferent collateral bifurcation.  This was done because it has been demonstrated that trunk 
group Ia afferent enter the cord and immediately bifurcate into ascending and descending 
collaterals through the dorsal column and connect with motorneurons at different 
segmental levels directly and/or via interneurons[146-148].  The root of the exposed 
spinal segment was then traced and followed to find its corresponding T9 peripheral 
nerve.  The T9 peripheral nerve was accessed dorsally near where it exited the 
interveterbral foramen.  Ventrally, this point approximately matched the level of the 
xiphoid process.  The T9 nerve was placed on a bipolar hook electrode (Pt-Ir parallel 
bipolar hook electrodes manufactured by FHC) for stimulation. Exposed muscle, spinal 
cord and nerve tissue were covered with mineral oil.  The T9 peripheral nerve 
stimulations were first carried out with the animal’s spinal cord intact, and then the 
animal’s spinal cord was completely transected at the T10 spinal segment and the 
stimulation procedure repeated. 
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2.2   Stimulation Parameters and EMG recording 
Current stimulations (A-M systems: model-2100 Isolated Pulse Stimulator) of single 
pulses (0.1ms pulse duration) or trains (0.1ms pulses for 53.3s at 0.3 Hz) were delivered 
to the T9 peripheral nerves.  Single shocks were initially used to determine the threshold 
current (T) needed to record an EMG twitch in the abdominal muscle segments being 
monitored; the stimulus intensity was then set at 1.5T.    
 
Electromyograms (EMG) were recorded using differential amplifiers (A-M systems: 
model-1700 Differential Amplifier) and A/D data acquisition system (Molecular devices: 
Digidata-1320).  EMG signals were amplified and sampled at ~20kHz with filter settings 
of 100Hz to 5 kHz.  EMGs were recorded for ~10ms before the onset of the nerve 
stimulation, and then recording continued for a total of 100ms duration. 
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3.   Results: 
We mapped the distributive influence that motor neurons in the T9 nerve had on different 
segments (from thoracic and lumbar) of abdominal muscles beyond the T9 primary trunk 
segment innervated by the T9 motor neurons.  As shown in Figure 1.1 & Figure 1.2 the 
segments of RA and OA muscle recorded were identified by levels on the EMG silicon 
sheet (Levels A-E).  In both the intact and acutely transected rat, the stimulation of the 
ipsilateral T9 motor neurons evoked distinct short-latency abdominal motor response (as 
shown in the recorded EMG twitches) in all levels of the Rectus Abdominis (RA) and 
ipsilateral Oblique Abdominis (OA) muscles recorded (Figure 1.3).  On the other hand, 
the contralateral OA muscles did not respond to stimulations of ipsilateral T9 motor 
neuron.     
 
The latencies of the ipsilateral OA and RA motor responses were between 1.3 – 2.3 ms in 
all the levels/segments in both intact and transected spinal cord (Table 1.1).  For 
statistical comparisons, the fastest recorded twitch EMG response latency was used as a 
reference (Figure 0.4).  In all rats, the ipsilateral OA muscle in the segment just above 
the Xiphoid process (Level-A) was always the fastest to respond to ipsilateral T9 
stimulation and had a mean latency of 1.32ms±0.05 in the intact cord and 1.46ms±0.19 in 
the transected cord.  The ipsilateral OA muscle segment at Level-A typically responded 
0.1-0.4ms faster than the RA muscle at the same level, suggesting that the T9 motor 
neuron innervated the ipsilateral OA muscle before the RA muscle.  Since the muscle 
segments at Level-A had the shortest onset latencies, this level was assumed to be the 
primary trunk muscle segment innervated by the T9 motor neuron.  The recorded EMG 
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onset latencies of the RA and ipsilateral OA trunk muscle segments generally increased 
caudally from Level A to Level E trunk segments (Figure 0.4 & Table 1.1).  The 
response onset latency of the Level A trunk segment of the ipsilateral OA muscle was 
significantly different (p>0.05) from the response latencies of the other ipsilateral OA 
trunk muscle segments (i.e. Levels B, C, D & E) (Figure 0.4).  Similarly, the response 
latency of the RA trunk segment at Level A was also shown to be significant (p < 0.05) 
from the more caudal RA levels (i.e. Levels C& E) (Figure 0.4).   
 
Similar EMG activation patterns and response latencies were also observed after the 
spinal cord was transected at T10 spinal segment (Figure 0.4).  The response latencies 
for each recorded muscle at each trunk segment/level in the intact cord did not change 
significantly (p>0.05) after the cord was transected.  This reinforces the notion that the 
trunk muscle activations seen across multiple trunk segments were elicited primarily as a 
result of only T9 nerve motor neuron activity. 
 
 
 
 
 
 
 
 
 
52 
 
4.   Discussion: 
The purpose of the present study was to map the recruitment effect T9 motor neurons 
have on other abdominal trunk segments in intact and acute spinalized adult rats (Specific 
Aim Ia).  Our findings suggest that T9 motor neurons are capable of activating multiple 
trunk muscle segments, beyond the trunk muscle segment primarily innervated by the T9 
motor neuron in both intact and acute spinalized cases.   
 
Previous neonatal SCI studies to date suggest that trunk cortical reorganization is crucial 
for recovery of autonomous weight-supported stepping (WS).  Furthermore, it appears 
that trunk muscles caudal to the periphery of the injury are still influenced by cortical 
control [7, 15, 18, 26].  Unfortunately, it is not fully understood how these animals 
control caudal trunk muscles given that most trunk motor pools associated with these 
caudal trunk muscle segments are located in low thoracic and lumbar spinal segments 
below the spinal injury [19, 24, 25] .  Some have suggested that the caudal trunk muscle 
activity seen in neonatally spinalized rats (NTX rats) is likely due to neuromuscular 
mechanical coupling with rostral trunk muscle action [7, 15].  Given the sheath-like 
structure and organization of the trunk musculature, this implies that cortical control of 
trunk muscle segments above the periphery of the injury are mechanically coupled with 
caudal trunk muscle segments below the periphery of the injury [7, 15].  Conversely, the 
response latencies (< 3ms) of different trunk muscle segments seen in our stimulation 
study suggest that direct motor neuronal recruitment, not neuromechanical coupling, is 
the more likely mechanism by which WS NTX rats engage caudal trunk muscle.  This 
finding supports the suggestion of broadly distributed trunk motor neuron recruitment 
53 
 
across multiple trunk segments, thus providing a mechanism by which WS NTX rats are 
still able to activate caudal trunk muscle segments irrespective of the T9/T10 
spinalization. Furthermore, the demonstrated broad recruitment action of the T9 trunk 
motor neuron provide a means by which the reorganized and refined cortical trunk 
control in WS NTX may richly influence caudal trunk muscles below the injury, 
consequently facilitating caudal trunk reflexes that further engage trunk and other 
proximal synergistic motor pools in the lumbar cord below the injury (‘trunk peripheral 
reflex chaining’).  We believe that this is a likely strategy by which WS NTX rats 
facilitate the activation of the spinal locomotor generator circuits [24, 25, 83] below the 
injury to autonomously elicit stepping. 
 
The concept of broad trunk motor neuronal innervations of multiple segment is also 
supported in the literature by a study that uses modified Sihler's staining technique to 
visualize complex muscle-nerve innervations of the rats anterior abdominal wall [1].  The 
staining revealed traces of segmental T6-T13 peripheral trunk nerves and associated 
motor and sensory nerve branch innervations for the mid-low anterior rectus abdominal 
muscle wall of the adult rat.  As shown in Figure 1.5, each nerve can be easily traced 
from lateral aspect of the abdominal muscle sheath (darker colour portion of nerve) to the 
medial aspect of the muscle sheath (lighter color portion).  As seen, each trunk nerve 
gives off tiny branches (lightest color branches) as it approaches the midline of the rectus 
abdominal muscle sheath revealing the muscular branches (MB) of the nerve.  At any 
given trunk muscle segment, it is clearly noticeable that the muscular branches 
innervating that particular segment also bifurcate and branch into neighbouring trunk 
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segments, above and below.  In our study, stimulation of the adult rat T9 motor neuron 
not only activated trunk muscles at segment primarily innervated by the T9 motor neuron, 
but also activated other trunk muscles at different trunk segments with response latencies 
that gradually increased away from the primary trunk segment.  The Sihler’s staining 
study provides anatomical evidence to support the broadly distributed multi-segment 
trunk motor neuronal recruitment pattern seen in our study.    
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Figure 1.1:   a) silicon EMG sheet of 10 grid distributed bipolar patch electrode.  
b) EMG sheet sutured to rat abdominal muscles  
A silicon sheet consisting of 10 grid distributed bipolar patch electrodes (a) is sutured 
to the abdominal muscles covering the Rectus Abdominis (RA), and the right and left 
Oblique Abdominis (OA) muscles (b) to record abdominal EMG activity spanning the 
thoracic and lumbar aspects of the rat. 
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Figure 1.2:  Cartoon showing EMG recording sites overlayed over rat 
abdominal muscle sheet being recorded for experiment. 
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a)  
Muscle / Level Mean Latency (ms) 
Ipsilateral Oblique Abdominis / Level A 1.32±0.05 
Ipsilateral Oblique Abdominis / Level C 1.82±0.13 
Ipsilateral Oblique Abdominis / Level E 1.95±0.29 
Rectus Abdominis / Level A 1.61±0.09 
Rectus Abdominis / Level B 2.06±0.11 
Rectus Abdominis / Level C 2.03±0.19 
Rectus Abdominis / Level D 2.03±0.13 
Rectus Abdominis / Level E 2.16±0.18 
 
(b)  
Muscle / Level Mean Latency (ms) 
Ipsilateral Oblique Abdominis / Level A 1.46±0.19 
Ipsilateral Oblique Abdominis / Level C 1.90±0.22 
Ipsilateral Oblique Abdominis / Level E 2.10±0.36 
Rectus Abdominis / Level A 1.60±0.14 
Rectus Abdominis / Level B 2.06±0.37 
Rectus Abdominis / Level C 2.13±0.37 
Rectus Abdominis / Level D 2.18±0.23 
Rectus Abdominis / Level E 2.22±0.27 
 
 
 
 
Table 1.1:  a)  Response Latencies of different trunk muscle segments after 
ipsilateral T9 peripheral nerve stimulation in intact cord. b) Response Latencies of 
different trunk muscle segments after ipsilateral T9 peripheral nerve stimulation 
in T10 transected cord. 
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Figure 0.4:   Bar graph depicting response Latencies of different trunk muscle 
segments/levels after ipsilateral T9 peripheral nerve stimulation in intact cord 
(black bar) and in T10 transected (TX) cord (gray bar).  Asterix (*) indicate 
p<0.05 significance. 
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Figure 1.5:   a) Modified Sihler’s stain showing traces of segmental T6-T13 
peripheral trunk nerves and associated motor and sensory nerve branch 
innervations of the mid-low anterior rectus abdominal muscle wall of the adult 
rat.   
U = Umbilicus; RS = rectus sheath; ICN (ventral ramie of thoracic intercostal nerves) ; 
LACB = lateral abdominal cutaneal branch; VACB = ventral abdominal cutaneal 
branch; MB = muscular branches; CIN = cranial iliohypogastric nerve. b) Insert from 
‘a’   showing more detail of peripheral nerve motor and sensory branches. Calguner E 
et al[1] 
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2 CHAPTER TWO: THE EFFECT OF TRUNK MUSCLE AFFERENTS ON 
HINDLIMB EXTENSORS DURING FICTIVE LOCOMOTION 
1.   Introduction 
The ability of the spinal cord to generate locomotor activity without supraspinal control 
and peripheral feedback (fictive locomotion) suggest that rhythm generators exist within 
the spinal cord capable of inducing stepping rhythm.  These rhythm generators are called 
central pattern generators (CPG).  The CPG has been shown to be influenced by afferent 
inputs from the hindlimb, and these afferent neuronal pathways are of critical importance 
in the reflex regulation of stepping [31-35].  The reflex regulation of stepping is an 
important factor in adapting and modulating stepping to respond to unexpected 
environmental changes such as postural perturbations and terrain changes.  In addition to 
locomotor reflex regulation of stepping via hindlimb afferents, studies have shown that 
trunk muscles also play a crucial part in locomotor postural adjustments.  The trunk is the 
largest and most integral part of the total body mass in many vertebrates. In addition to 
providing postural control during vertebrate locomotion, trunk muscles also play a 
significant role in stabilization and energy transfers, and interlimb interaction with the 
pelvis being the nexus of this interaction.   
 
Evolutionary evidence of the trunks role in locomotion can be found in lower creatures.  
Lower creatures (fish, lamprey, etc) have a primitive neuronal network for producing 
alternating trunk movements that enable locomotion.  In quadrupedal animals, the 
neuronal network underlying locomotion is more complex.  Forelimb and hindlimb 
rhythmicity in quardrupedal locomotion is mediated by propriospinal neurons that couple 
activity between specialized rhythmic circuits in the lumbar and cervical spinal cord. 
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Given that humans also share a similar neuronal coupling mechanism during locomotion 
[60, 81], human bipedal locomotion could possibly be an evolutionary specialization of 
an older quadrupedal locomotor control.  From a phylogenetic perspective, it is also quite 
possible that the neural circuitry underlying locomotion in quadrupeds (and eventually 
humans) is specialized from and layered onto the much older neuronal network that 
controls trunk movements in lower creatures.  Evidence of this possibility can be found in 
cat and rat locomotion experiments.   For instance, fictive locomotion in decerebrate cats 
reveal distinctive rhythmic patterns of activity in trunk motorneurons [150].  
Furthermore, brain stem reticular projections associated with locomotion have also been 
shown to influence trunk motorneurons in the rat [82, 151].  In addition, findings from 
recent cat studies investigating neuronal relationship between hindlimb proprioceptive 
inputs and trunk motor output have highlighted neuronal pathways from hindlimb group I 
& II afferents that innervate trunk muscle groups [82, 152, 153].  All these findings 
suggest trunk motorneurons are quite possibly influenced by similar segmental motor 
systems and interneuronal spinal circuitry that also affect spinal locomotor generators. 
 
The recovery of autonomous weight supported (WS) locomotion in adult rats spinalized 
as neonatal (NTX rats) has partly been attributed to the reorganization of trunk 
sensorimotor cortex [7, 15, 18, 26].  The role of the trunk in recovering autonomous 
stepping may likely be attributed to neonatal developmental neural critical periods that 
influence the functional shift of trunk muscles.  In the early days of the neonatal rat 
locomotor development, trunk muscle activity is initially coupled to CPG (crawling 
movements), and within 3 weeks the primary function of trunk gradually shifts to more 
63 
 
postural control and stabilization while trunk-CPG coupling is diminished but not 
eliminated [28, 30].  Given that the CPG steers hindlimb motor output during locomotion 
and hindlimb afferent pathways are critical in locomotor reflex regulation in adult rats 
[31-35], then it is conceivable that since CPG influences alternating trunk locomotor 
movements (crawling) in neonatal rats then trunk afferents could also possible regulate 
the CPG via a trunk afferent neuronal pathway.   
 
Our earlier trunk motor neuronal mapping study in Chapter 1 showed that after T10 
transection, T9 trunk motor neurons are still capable of activating trunk muscle segments 
below the periphery of the injury in the lumbar.  This broad trunk motor neuronal 
recruitment mechanism would not only activate trunk muscles in the lumbar segments 
below the periphery of the injury, but would also activate trunk muscle afferents in the 
lumbar trunk segments that may impact lumbar motor pools and locomotor circuits below 
the level of the transection (trunk peripheral reflex chaining).   This trunk peripheral 
reflex chaining mechanism may be one method by which WS NTX rats use their 
reorganized cortical trunk control to influence locomotor circuits below the injury.  The 
presence of neuronal reflex pathways between trunk muscle afferents and the CPG may 
be a mechanism that allows WS NTX rats to recover and achieve weight supporting 
locomotion.  Given that neonatal trunk-CPG coupling patterns are diminished but not 
completely eliminated in adult rats [28, 30], then this trunk afferent regulation of CPG 
may still persist in the adult rat.   
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Specific Aim Ib of this thesis seeks to explore the trunk afferent regulatory effects on 
CPG control in intact adult rats.  The persistence of trunk-CPG regulatory pathways in 
the adult rat will allow us to verify the assertion that trunk afferents may have a larger 
CPG regulatory influence in the neonatal rat.  Since neonatal transections (P1-P5 
transections) typically occur before several neural critical periods in the neonatal SCI 
model, then it is quite conceivable that the transection may prevent the developmental 
functional shift of trunk-locomotor coupling controls, as well as permit more plastic 
changes in the neuroanatomical and neurophysiological features involved in trunk-CPG 
pathways during the critical periods.  Consequently, as neonatally spinalized rats mature, 
some may then manage to adapt this trunk-locomotor reflex regulation in a way that 
allows them recover autonomous locomotion and weight supported stepping.  Identifying 
such trunk reflex pathways would be beneficial in developing novel therapies to improve 
recovery in NTX rats.    
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2.   Methods 
2.1  Surgical Methods 
All experiments were conducted with IACUC approval and were consistent with the 
guidelines.  7 adult female Sprague Dawley rats (270-350g) were used.  All animals were 
initially deeply anesthetized with Isoflurane gas (2.5–3.0% mixed in Oxygen) until 
decerebration was completed and the animal stabilized.  Core body temperature was 
maintained at 37ºC using a heating pad.  2ml of lactated ringer was given subcutaneously 
every hour during surgery to keep animal hydrated.  A catheter was introduced into a 
jugular vein for intravenous administration of drugs into the circulation. The digastricus 
muscle was reflected to reveal the internal and external bifurcation of the common 
carotid artery.  The internal carotid artery was freed from the carotid sheath and separated 
from the vagus and hypoglossal nerves and then ligated to reduce bleeding during 
decerebration. This was done on both sides of the animal.  
 
A skin incision was made around the T11-T12 rib levels of the left dorso-lateral back 
region.  Muscles around this region (longissimus, obliques e.t.c) were carefully dissected 
and removed to reveal and free the T12 peripheral nerve from surrounding muscles.  The 
left T12 nerve was placed in a bipolar nerve cuff electrode for stimulation.  The 
ipsilateral peroneal nerve (ankle flexors) and the tibialis nerve (ankle extensors) of the 
hindlimb were then dissected free, cut distally and their stumps ligated and placed on 
bipolar hook electrodes (Pt-Ir parallel bipolar hook electrodes manufactured by FHC) for 
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recording electroneurogram(ENG).  Exposed muscle and nerve tissue were covered with 
a pool of mineral oil. 
A tracheotomy was performed and a cannula inserted after which artificial ventilation 
was used to maintain the anesthetic mixture in the animal.  Atropine sulfate (0.5mg or 
100–200 µg/kg subcutaneously) was administered routinely to reduce excessive mucus 
secretions that might congest and occlude the trachea.  The rat was then placed in a 
stereotaxic frame and a craniotomy was made and decerebration performed at the level of 
the superior colliculus by suctioning the cerebral cortex and its deep nuclei rostral to 
superior colliculus .  The cranial cavity was then filled with small pieces of gel foam 
soaked in 100 units of Thrombine to reduce bleeding.  The heart rate, respiratory rate, and 
end tidal CO2 %, were used to monitor any distress in the animal during decerebration.  
Once the vitals indicated the rat was stable, the isoflurane anesthesia was discontinued 
while artificial ventilation was maintained.  The rat’s muscles were paralysed with D-
Tubocurare (0.5mg/kg induction i.v., 0.2mg/kg/hr maintenance i.v.) 
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2.2  MLR stimulation and parameters 
30 mins after discontinuing anesthesia, a monopolar stainless steel stimulating electrode 
(FHC  ~10 MV, initial impedance at 1kHz, shank diameter 125 µm, and tip <1µm diam, 
exposed tip ~5 µm2 ) was lowered into the junction of the superior and inferior colliculi 
of the midbrain.  This region was searched unilaterally for the MLR (Cnf and PPTg 
nuclei) using rat brain stereotaxic coordinates (Anterior 1.0mm, Lateral 1.9mm, Ventral 
6.0mm from lambda; Skinner and Garcia-Rill 1984, Paxinos&Watson, Coles et al. 1989).  
Although only one side of the brainstem was stimulated, locomotion was bilateral.  The 
electrode was moved in 0.5 mm increments around the vicinity of the MLR until fictive 
locomotion ENG was activated in the tibial and peroneal nerves.  The electrode was 
designated the cathode and the anode was placed on skin tissue and muscle around the 
head/cranium.  The stimulus parameters used for activating locomotion in all rats were 
current stimuli of rectangular current pulses of 0.2ms duration, @50 Hz with amplitude 
of 25-30 µA.  Stimulation trains were typically short (20s trains) so as not to stress the 
animal (increase blood pressure). All stimulations were delivered by a constant current 
stimulator (A-M systems: model-2100 Isolated Pulse Stimulator).   
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 2.3  Trunk Peripheral nerve stimulation and parameters 
Random current stimulations (A-M systems: model-2100 Isolated Pulse Stimulator) of 
single pulses (0.1-0.3ms pulse duration) were delivered to the T12 trunk peripheral 
nerves during fictive locomotion.  Before the experimental procedure began, single 
shocks were initially used to determine the threshold current (T) needed to record an 
EMG twitch in the abdominal muscles, the stimulus intensity was then set to 2*T to 
recruit group I & II afferent fibers.   
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2.4  Experimental Procedures and Data Collection and analysis  
Nerve activity was recorded using differential amplifiers (A-M systems: model-1700) and 
A/D data acquisition system (Molecular devices: Digidata-1320).  Signals were 
amplified, high-pass filtered at 300 Hz, and low-pass filtered at 5000 Hz, and then 
sampled at ~10kHz.  Alternating burst activity in the tibial and common peroneal nerves 
were used to define the overall fictive locomotor cycle.  During fictive locomotion, the 
T12 periperal trunk nerve was stimulated at random.  As mentioned earlier we used two 
sets of stimulation parameters: single pulse stimulation and multiple pulses stimulation 
on the T12 nerve during the experimental procedure.  For both single and multiple pulse 
stimulations, the T12 perepheral nerve was stimulated for 50 trials.  Only periods of 
stable locomotion (i.e. periods that showed at least 10 or more successive bursts in ankle 
flexors and extensors) were used for analysis.  Commercially available numerical 
computing package (MATLAB R2008, Mathworks) and statistical package (SPSS 17.0, 
SPSS,Chicago, IL) were used to process data and conduct all statistical tests respectively. 
For all statistical evaluations, the level of significance was set at p< 0.05.  During fictive 
locomotion, T12 afferent stimulations were delivered randomly. Therefore, stimulations 
typically occurred at different phases of the fictive locomotor cycle.  We divided the 
phases of locomotor cycle into two basic phases: Tibial burst ON and Tibial burst OFF.  
We considered the Tibial ON epoch to be the phase of the fictive locomotor cycle when 
the tibial burst was on and active, while the Tibial burst OFF epoch was the phase of the 
locomotor cycle when the tibial nerve burst was inactive or off.  Subsequently, we also 
grouped the randomly delivered T12 stimulations as occurring either during the Tibial 
burst ON or Tibial burst OFF phases of the locomotor cycle.  In most cases, stimulus was 
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given once every few step cycles so that control cycle (i.e cycle immediately preceeding 
the stimulus) and perturbed cycles (i.e cycle where stimulus occurred) could be readily 
compared under identical conditions.  A step cycle was defined as the interval between 
the onsets of two successive tibial nerve bursts.  The onset and offsets of the burst were 
determined by identifying the mean resting levels of tibial nerve activity and setting a 
threshold of mean+2*SD (standard deviations). 
Using a paired t-test, we compared the burst duration and period of the control step cycle 
with that of perturbed cycle to determine the effect of T12 trunk afferent stimulation.  We 
also employed phase response curve analysis to visualize transient changes in the step 
cycle induced by T12 afferent stimulation delivery different phases of the step cycle.  
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3.   Results: 
We investigated the effect of trunk (T12 peripheral nerve) afferent influence on the 
locomotor output.  After decerebration and recovery from anaesthesia, some rats 
exhibited spontaneous bouts of well coordinated fictive locomotion in the tibial and 
peroneal nerves being recorded. These spontaneous bouts were brief and separated by 
variable periods of quiescence. In some instances T12 peripheral nerve stimulation was 
performed under these spontaneous conditions. 
 
Figure 2.1 illustrates typical fictive locomotion activity in the tibial and common 
peroneal nerves via MLR stimulation.  The fictive locomotion due to MLR stimulation 
shows alternating pattern in the burst activity between the tibial and common peroneal 
nerves.  During the experiment, the T12 peripheral nerve was randomly stimulated during 
MLR induced locomotor activity.  For comparison, the T12 peripheral nerve was also 
randomly stimulated during periods of tibial and peroneal nerve (hindlimb nerve) 
quiescence in the locomotor activity.  T12 trunk nerve stimulation during periods of 
hindlimb nerve quiescence (no locomotor ENG activity) yielded no changes hindlimb 
nerve activity.   
 
 
 
 
72 
 
3.1   Stimulation of T12 trunk afferents in the Tibial burst ON phase of the step cycle 
extends the duration of the tibial burst. 
As shown in Figure 2.2, when afferents in the T12 nerve were stimulated in the Tibial 
OFF phase of the fictive step cycle, there was very little difference between the duration 
of the control burst (i.e. the tibial burst preceding the stimulus) and the ensuing tibial 
burst (perturbed burst).  These difference were not significant as shown in the right bar 
plots in Figure 2.4.  Conversely, when the stimulus was delivered in the Tibial ON 
phase, the duration of the perturbed tibial burst (i.e. tibial burst that experienced the 
stimulus) was greater than the duration of the control burst preceding the stimulus 
(Figure 2.3).  As indicated in the left bar plots in Figure 2.4 , this increase in burst 
duration was significant.  The increase in tibial burst duration clearly indicated that there 
was a delay in the cessation or offset of the tibial burst.  Given that the tibial nerve is a 
mixed nerve made up of ankle extensors and digit flexors, we used a phase response 
curve (PRC) to compare changes in the observed tibial offset delay in relation to the 
different step phases of stimulus delivery.  The PRC allowed us to identify what 
particular phase portion of the Tibial ON phase was strongly affected by T12 afferent 
stimulus.  Figure 2.7 shows the PRC depicting offset-offset phase changes in the tibial 
burst.  As shown, during stimulus delivery in the Tibial OFF phase there are no apparent 
delays in the offset or cessation of the perturbed tibial burst.  This is expected given that 
there were no significant changes seen in the perturbed tibial burst duration when 
stimulus delivery occurred in Tibial OFF phase as indicated in the bar plots in Figure 
2.4.  On the other hand, the PRC clearly shows delays in the tibial burst offset with 
stimulus delivery in the Tibial ON phase.  As shown, the perturbed tibial burst offset 
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delay could be as high as 15% of the step cycle when stimulus is delivered in the early-
mid period of the Tibial ON phase.  
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3.2   Stimulation of T12 trunk afferents in any phase of the step cycle does alter the 
timing or rhythm of the step cycle. 
There were no significant changes in the period (i.e. onset to onset) of the step cycle 
when we compared the period of the control cycle to the perturbed cycle after stimulus 
delivery in either the Tibial ON or Tibial OFF phase of the step cycle (Figure 2.5).  Even 
though a significant increase in tibial burst duration was seen with stimulus delivery in 
the Tibal ON phase of the step cycle (section 3.2), the period of the step cycle was 
unaffected by T12 afferent stimulation at any phase.  In other words, T12 trunk afferent 
stimulation did not alter the rhythm and timing of the locomotor pattern.  The phase 
response curve in Figure 2.6 confirms that there were no major changes in the onset to 
onset timing and phasing of the tibial burst due to T12 afferent stimulus at any particular 
phase of the step cycle. 
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4.    Discussion 
The purpose of the present study was to investigate the effect of afferent input from trunk 
muscle on hindlimb locomotor output in adult rats (Specific Aim Ib).  Mammalian 
locomotor studies have shown that hindlimb afferents can regulate amplitude, duration 
and phase of hindlmb nerve locomotor activity.  Sensory feedback, mainly from hindlimb 
muscles, is necessary for appropriate locomotor control and is critical in modifying and 
stabilizing CPG-rhythmic motor output in order to facilitate adaptations to the 
environment.   Given that the CPG has influence on trunk locomotor movements 
(crawling) in neonatal rats [28], then it is likely that the trunk afferents also modulate the 
CPG output in the neonatal rats.  In this set of experiments, the modulatory influence of 
trunk muscle afferents on the hindlimb locomotor activity of adult rats was examined to 
highlight the possibility of trunk specific afferent pathways that impact the locomotor 
generator.   
 
One important finding from our study is that the activation of trunk afferents in the T12 
peripheral nerve regulates the duty cycle of rat fictive locomotion but not the rhythm in 
the tibial nerve.  This modulatory effect was also shown to be dependent on the phase of 
locomotion.  Our data revealed significant increases in the mean tibial burst duration (i.e. 
change in burst duty cycle) only when T12 trunk afferents were activated in the Tibial 
ON phase of the step cycle (i.e. phase dependency).  This increase in burst duration and 
absence of changes in the step cycle period, suggest regulatory effects at the level of the 
pattern formation network as described by the two-level CPG architecture model.   The 
two-level CPG model contains a half-center rhythm generator (RG) and a pattern 
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formation (PF) network as shown in Figure 2.8a.  The PF is controlled by the RG and 
projects to flexor and extensor motor neuron populations, thus regulating extensor and 
flexor motor neuron recruitment and excitability (e.g. burst duration, amplitude) [3].  On 
the other hand, the RG regulates the rhythm (i.e. period and phase) of the overall step 
cycle.  An important feature of this two level CPG architecture is that it explains how 
changes in the excitability of neural populations at the PF level that are independent of 
RG output do not perturb or reset the locomotor cycle.  An example of pattern formation 
changes independent of locomotor rhythm is seen when the tibial anterior nerve 
(illustrated as TA in Figure 2.8b) is initially inhibited but maintains its cycle, following 
stimulation of group I extensor afferents during flexion phase in the fictive cat (Figure 
2.8b) [2, 108].  Another example of this is seen in non resetting burst deletions during cat 
fictive locomotion and scratch reflexes [154].  
 
Based on the two-level CPG architecture, our findings suggest that the PF component of 
the CPG might receive inputs from group I&II afferents in the T12 peripheral trunk 
nerve.  In addition, the PRC in Figure 2.7 demonstrates that trunk afferent stimulation in 
the early to mid period of the Tibial ON burst phase produces the largest extension in the 
duration of the tibial burst.  Given that the tibial nerve is a mixed nerve consisting of 
ankle flexor (FDL: flexor digitorum longus) and extensor (gastrocnemius medialis, 
gastrocnemius lateralis, soleus) motor neurons, we cannot be certain if the phase most 
affected by T12 trunk afferent stimulation is the extensor or flexor component of the 
tibial burst.  In other fictive locomotor studies in the cat and rat, whole tibial nerve ENG 
recordings reveal that ankle extensor motor neurons are usually coactivated during the 
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early epoch of the tibial burst [155-157].  This suggests that early-mid epoch of the tibial 
burst is most likely the extensor phase of the step cycle.  Therefore, it is plausible that the 
tibial burst extension effect seen in our study is likely due to group I&II trunk afferent 
stimulation delivered in the extensor phase of the step cycle.  Furthermore, this suggests 
that it is most likely the extensor and not the flexor neural population of the PF network 
(shown as PF-E and PF-F respectively in the two-level CPG model in Figure 2.8a) that 
receives inputs from group I&II afferents in the T12 peripheral trunk nerve. 
 
Findings from Wada et al (2001) have previously shown the existence of monosynaptic 
connections between trunk muscle motor pools and afferents innervating proximal 
hindlimb muscles in fictive cats (quadriceps, anterior biceps and semimembranosus 
muscle, and posterior bicep-semitendinosus muscle) suggesting that movement and 
posture (lateral bending and extension of dorsal column) of the trunk are more associated 
with hip and knee muscle/joint actions via their afferents [152].  Furthermore, Wada et al 
(2001) also showed that afferents from distal hindlimb (ankle joint) appear to control 
trunk movements and posture by adjusting the trunk to conditions of distal hindlimb 
actions (e.g foot placements), thus suggesting a close relationship between distal part of 
hindlimbs and the function of the abdominal muscles[152].  The findings from Wada et al 
(2001) clearly suggest existence of heteronymous neuronal pathways between hindlimb 
afferents and trunk muscles associated with movement and posture.  In the same vein, our 
findings in the present study suggest a possible synaptic organization between trunk 
muscle afferents and the hindlimb tibial nerve motor outflow during locomotion.  
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Furthermore, our finding is also compatible with findings that suggest existence of a 
reflex organization and interaction between trunk muscle activation and CPG circuitry in 
early neonatal rats [28, 30].  Results from neonatal locomotor development suggest that 
the trunk-CPG coupling mechanism influence may be diminished as the rat develops into 
adulthood [28, 30].  In addition, early neonatal transection (P1-P5) may preserve 
neuroanatomical and neurophysiological development of trunk-CPG neuronal pathways 
through critical periods so they operate in a more robust capacity than that seen in adult 
rats.  Consequently, this may play a crucial part in weight bearing locomotor recovery 
seen in neonatally injured rats, and this may be why adult spinalized rats are unable to 
achieve similar levels of functional recovery to those seen in neonatally spinalized rats.  
The findings from our study reinforce the suggestion that a regulatory trunk afferent-CPG 
neuronal mechanism is still preserved in adults rats.  This trunk-CPG neuronal 
mechanism could possibly be utilized in a rehabilitative capacity to improve the level of 
locomotor recovery in adult SCI animals.  
 
Taken together, our findings suggest that a neuronal reflex pathway may exist between 
the T12 trunk afferents and the extensor-related population pattern formation (PF) 
circuitry of the CPG, but not the CPG’s rhythm generator (RG) component, during fictive 
locomotion.  In a non-fictive case, the trunk afferent modulation of hindlimb locomotor 
PF could produce hindlimb afferent responses that in turn influence RG output, thus 
allowing indirect trunk sensory modulation of the RG layer of the CPG model.  
In combination with our findings in Chapter 1, our findings in Chapter 2 support the 
suggestion that WS NTX rats utilize a voluntary trunk peripheral reflex chaining 
79 
 
mechanism to activate lumbar trunk muscle afferents, which in turn influences and 
regulates the lumbar CPG below the injury via trunk afferent-CPG pathways.  We believe 
this may be one of the primary mechanisms that allow WS NTX rats achieve autonomous 
stepping.  In addition to the PF regulatory action of trunk afferents that was seen in our 
study, our findings also suggest that this afferent regulation may primarily be due to trunk 
afferent inputs to the extensor motor neuronal population of  the pattern formation (PF-E) 
network in the CPG.  The possibility of trunk sensory regulation of hindlimb extensor 
excitability during locomotion might begin to explain the weight supporting stepping 
ability seen in WS NTX rats. 
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Figure 2.1:  Segments of Tibial (Tib) nerve (bottom) and Common Peroneal(CP) 
nerve (top) electroneurogram (ENG) recordings of mesencephalic locomotor 
region (MLR)-induced fictive locomotion in a decerebrate rat 
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Figure 2.2:  Effect of T12 trunk group I&II afferent stimulation delivered in the 
Tibial OFF step phase of locomotion:  
The stimulation applied to the T12 trunk group I&II afferent is shown in the red trace. 
The blue trace shows the tibial nerve activity induced by MLR stimulation in 
decerebrate rat. Arrows at bottom of tibial nerve activity represent the duration of the 
tibial burst (blue arrows) and the period of the locomotor/step cycle (black arrows,  
Note: step cycle period is measured from onset to onset).  The single red arrow 
represents the perturbed period, i.e. step cycle period where stimulus was delivered.  
As shown, stimulation in the Tibial burst OFF phase of the step cycle does not 
produce any significant differences between the duration of the control burst (i.e. the 
tibial burst preceding the stimulus) and the ensuing tibial burst (i.e. perturbed burst).  
Also, no change is observed in the step cycle period after stimulus delivery as 
indicated by the lengths of the black arrows (i.e. no resetting of locomotor rhythm).  
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Figure 2.3:  Effect of T12 trunk group I&II afferent stimulation delivered in the 
Tibial ON step phase of locomotion:  
Top and Bottom traces are examples of stimulus delivery in the Tibial burst ON phase 
of the step cycle in two different animals.  As indicated by the increased length in the 
blue arrow (i.e. 3rd blue arrow from the right), stimulation in the Tibial burst ON phase 
of the step cycle extends the duration of the tibial burst, thus delaying its cessation. 
There is a significant difference between the duration of the control burst (i.e. the tibial 
burst preceding the stimulus) and perturbed burst (i.e. tibial burst that experienced the 
stimulus).  Again, as indicated by the lengths of the black arrows, no change is seen in 
the step cycle period after stimulus delivery (i.e. no resetting of locomotor rhythm).  
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Figure 2.4:  T12 trunk group I&II afferent stimulation extends tibial burst 
duration when delivered in Tibial ON, but not Tibial OFF step phase of 
locomotion:  
 The bar graphs represent changes in duration of the control (blue) and perturbed (red) 
tibial bursts when stimulus is delivered in the Tibial ON step phase(left group of bar 
graphs) and Tibial OFF step phase (right group of bar graphs) for all rats.  As shown 
the burst duration is significantly increased for stimulations delivered in the Tibial ON 
phase of the step cycle (p < 0.05).  on the other hand, no change is seen between the 
control and perturbed burst durations for stimulations in the Tibial OFF phase.    
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Figure 2.5:  T12 trunk group I&II afferent stimulation in any phase does not 
affect the locomotor cycle of the tibial  locomotor activity.  
 The bar graphs represent changes in step cycle period of the control (blue) and 
perturbed (red) step cycles when stimulus is delivered in the Tibial ON step phase 
(left group of bar graphs) and Tibial OFF step phase (right group of bar graphs) for 
all rats.  As shown, no significant changes in the step cycle period (onset to onset) is 
seen irrespective of the phase of stimulus delivery (i.e. no resetting of locomotor 
rhythm as illustrated in Figure 2.2)     
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Figure 2.6: Phase response curve (PRC) showing transient changes in the step 
cycle period (onset-onset period) due to T12 group I&II trunk afferent 
stimulations delivered in all phases of the step cycle.  
Cartoon insert shows step cycle period of tibial burst (onset-onset) used to determine 
PRC. The PRC does not show any strong phase resetting effects on the locomotor 
step cycle period when stimulation is applied at any particular point in the step cycle.  
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Figure 2.7: Phase response curve (PRC) showing changes in tibial burst offset 
phase due to T12 group I&II trunk afferent stimulations delivered in all phases 
of the step cycle.  
Cartoon insert shows step cycle period of tibial burst (offset-offset) used to determine 
PRC. The PRC indicates delays in the tibial offset only when stimulation is applied in 
the Tibial ON phase of the step cycle.  The largest delays in offset can be seen when 
the stimulus occurs between the early (i.e. ~70% of step cycle) and middle (i.e. ~85% 
of step cycle) portion of the Tibial ON phase.  
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Figure 2.8:  (a) Detailed schematic of a computational model of the of the spinal 
circuitry with the two-level CPG showing the Rhythm Generator (RG) and 
Pattern Formation (PF) networks representing the two levels of the CPG.  
(b) Example of the effects of group I extensor afferent stimulation (LGS 
stimulation) delivered during flexion.  (TA = tibialis anterior, AB = anterior 
biceps, Quad = quadriceps, LGS =  lateral gastrocnemius-soleus)   [2, 3] 
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3 CHAPTER THREE: PELVIC ORTHOSIS DESIGN, IMPLANTATION AND 
TEST 
1.   Introduction 
We have developed a novel robotic-rehabilitative method for sensorimotor impedance 
training that targets the mid-low trunk muscles in spinalized rats. The injury model used 
is a complete thoracic transection at T9-T10 spinal segment.  This injury inhibits 
hindlimb control but preserves some mid-low axial control.  Our previous studies in 
spinalized neonatal rats suggests that cortical control of the mid-low trunk muscle is 
responsible for the autonomous weight bearing recovery seen in some of these rats [7].  
Stiffening of the caudal trunk musclature also appears to be a key motor strategy adopted 
by neonatally spinalized rats to achieve autonomous weight support as adults.  
Consequently, our training paradigm involves using an assistive impedance sensorimotor 
training achieved by applying an elastic force field around at the level of the pelvis and 
caudal trunk musculature.  Given our findings in Chapters 1 and 2, we believe that this 
type of training paradigm possibly reinforces trunk afferent-locomotor pathways that may 
facilitate locomotor recovery after SCI. 
 
To effectively train the trunk in this manner, forces have to be applied directly onto the 
animal’s skeleton. Applying elastic forces this way mimics muscular generated forces 
and thus feels natural to the animal’s biomechanics.  In addition, the animal’s pelvis is 
brought into the approximate kinematic trunk-hindlimb relationships needed for 
functional locomotion, thus presenting exemplars of the options and interactions needed 
in normal locomotion. One failure mode of motor learning is the absence of positive 
examples.  Consequently, elastic forces are applied directly on the animal’s pelvic girdle, 
89 
 
since this is the nexus of forelimb–hindlimb interaction.  In order to achieve this we 
designed a pelvic orthosis that clamps to the animals pelvic girdle (as shown in Figure 
3.1) and extends to a conduit (female threaded aluminum standoff in Figure 3.2b) 
outside the animal’s body through which a haptic robotic arm attaches (Figure 3.1c).  
The robotic arm allows us to generate and then apply elastic forces around the mid/low 
trunk region while the animal walks on a treadmill quadrupedally.  We have successfully 
implanted this orthosis in over 80 rats.  The aim of this chapter is to introduce the pelvic 
orthosis design, surgical implantation technique and associated concerns.  This chapter 
also discusses the effect of the orthotic and surgical implantation on the animal’s 
locomotion by assessing the locomotor kinematics for each animal prior to and after 
implantation.  
 
 
 
 
 
 
 
 
90 
 
2.   Materials and Methods 
2.1   Pelvic Orthosis/Implant Design 
A female threaded aluminum standoff, a pair of stainless steel screw rods, bronze sleeve 
bearings, and aluminum sleeves (McMaster-Carr) were used to fabricate the pelvic 
orthosis as shown in Figure 3.1.  The complete design, including dimensions, is shown in 
Figure 3.2.  Each bronze sleeve is drilled and then tapped at a 60° angle.  This enables 
each screw rod to screw in at an angle of 60° to each bronze sleeve.  The screw rod is 
screwed in enough to ensure a tight fit but should not protrude into the hollow part of the 
sleeve.  This is necessary to allow the aluminum standoff fit easily into the hollow bronze 
sleeves for tight clamping after surgical implantation of the completed orthosis (this is 
explained further in the surgical concern section).  About a 1mm protrusion of the rod 
into the sleeve’s conduit is acceptable.  The joint made between the bronze sleeve and the 
screw rod is referred to as the sleeve-screw joint.   The sleeve-screw joint is then further 
reinforced with JB weld.  The aluminum sleeves are then drilled and tapped at 90°.  The 
free end of the screw rod, of which the other end has already been attached to the bronze 
sleeve, is screwed into the aluminum sleeves.  The aluminum sleeves are then cut to 
make the cuff or C-clamp as shown in Figure 3.2.  If drilled and tapped appropriately, 
the screw rod should screw tightly without any protrusion into the concave aspect of the 
cuff.  Protrusions are likely to irritate the iliac bone when the cuff clamps the pelvis after 
implantation.  This joint is referred to as the cuff-screw joint and is also reinforced with 
JB weld.  The curved end of the cuff furthest from the cuff-screw joint is then filed down 
to avoid an ‘overhook’ curvature.  The cut edges of the cuff closest are filed smooth.  
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These final cuff adjustments are necessary to avoid impinging the sciatic nerve and 
irritating surrounding gluteus muscles respectively (explained further in the surgical 
concern section).  The weight of the finished orthosis is approximately 10g.  We have 
also successfully fabricated a lighter (~ 5g) orthosis by replacing the bronze sleeve 
bearings and aluminum standoffs with equivalent plastic parts.  It should be noted that 
although the aluminum cuffs used do not offer the same degree of osseointegration and 
biocompatibility as titanium, it does suffice for the duration of our studies (6-10weeks) as 
suggested in comparison studies[158]. 
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2.2   Surgical Implantation 
All experimental procedures comply with the guidelines of the National Institute of 
Health Guide for the Care and Use of Laboratory Animals and received IACUC approval.  
Adult female Sprague–Dawley rats (275–320 g) were anesthetized intraperitoneally with 
1.0ml/kg KXA (2.0ml Ketamine (100 mg/kg), 1.0ml Xylazine (20 mg/kg), 0.15ml 
Acepromazine (10 mg/kg)).  Supplemental doses of KXA were administered 
intraperitoneally (IP) as needed to maintain a deep level of anesthesia during the 
procedure.  All surgical procedures were performed under aseptic conditions.   
 
The iliac crest on the pelvis is identified by palpation, and an angled skin incision 
approximately 12mm caudal to the iliac crest is made.  The skin around the incision is 
loosened and separated from the muscle by blunt dissection to reveal the gluteal 
aponeurosis that covers the gluteus maximus and tensor fasciae latae muscles. The medial 
portion of the white ‘sheet-like tendoninous’ striations of the gluteal aponeurosis serves 
as a landmark that indicates the demarcation between the gluteus maximus and the tensor 
fasciae latae.  This demarcation is probed gently with a fine-tipped scissors at 
approximately 12mm caudal to the iliac crest to feel the iliac process beneath.   Using the 
fine-tipped scissors at the same location, the muscle is carefully probed and 
simultaneously blunt dissected perpendicular to the white ‘sheet-like tendoninous’ 
striations of the gluteal aponeurosis in order to separate the gluteus maximus from the 
tensor fasciae latae muscle and proceed towards the iliac process beneath.  Since the 
gluteus medius and minimus muscles lie directly beneath the gluteus maximus, care 
should be also be taken to separate the gluteus  medius and minimus away from the 
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tensor fasciae latae muscle when blunt dissecting along the demarcation.  The gluteus 
muscles should easily separate away from the tensor fascae latae m. with minimal blunt 
dissecting effort.  The tip of the scissors should not descend more than 5mm-7mm during 
this process to prevent lesioning or bruising the psoas major m., iliacus m. and femoral 
nerve on the ventral side of the pelvic girdle (Figure 3.3a-c).  Once the tip of the scissors 
reaches the iliac process beneath the gluteus muscles, care should be taken to blunt 
dissect and free the deeper gluteus muscles (medius and minimus) from the dorsal and 
lateral surfaces of the iliac process, as well as the iliacus m. from the ventral surface of 
the iliac process.  All this is done within the vicinity of the probed region around the iliac 
process where the cuff of the pelvic orthosis would eventually clamp the iliac.  This is 
necessary to ensure that when the cuff is inserted, it clamps to the iliac process without 
impinging any muscle tissue on its ventral, lateral or dorsal surface, which could lead to 
necrosis and inflammation of the region.   
As mentioned earlier, the distal curved end of the cuff is filed back to reduce ‘overhook’.  
This is necessary to avoid impinging the coccygeus lateralis muscles on the ventro-
medial surface of the pelvic girdle, as well as the sciatic nerve that straddles the ventral 
surface of the iliac process (Figure 3.3d).  All this was done with minimal muscle 
disruption (Figure 3.3c).   
 
Using the fine-tipped scissors as a guide, the orthosis is gently slipped into the probed 
opening of the gluteus muscles.  The scissors are then removed, and by palpation the cuff 
of the implant is guided along the lateral surface of the iliac process until it slips under 
the ventral surface of the process.  The implant is then gently pulled upwards to confirm 
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that the cuff clamps the iliac.  If the initial blunt dissection was without mischief to the 
iliacus, then the cuff would gently slip under and sit between the iliacus muscle and the 
iliac process (Figure 3.3c). This procedure is then repeated on the contralateral side as 
well. 
 
 
2.3  Clamping 
After surgically implanting and positioning each half of the orthosis properly (as depicted 
in Figure 3.4a), the aluminum standoff is used to connect the two halves via the bronze 
sleeves.  The bronze sleeves of the implant are then squeezed together to ensure snug 
clamping of the pelvic bone.  During this process, care should be taken to ensure that 
surrounding gluteus muscles are not pinched by the cuff, and that the cuff is completely 
embedded under the gluteus (Figure 3.4b).  Using alignment markings on the bronze 
sleeves and standoff (markings made during fabrication), the orthosis is carefully 
adjusted to ensure proper alignment with the pelvic girdle.  Screws are then used to 
secure the standoff to the orthosis.  A tight clamp is confirmed by checking that the 
implant has no play in the animal’s rostral-caudal direction or rotation independent of 
pelvis.  The skin incisions around the implant are stitched closed.  The stitching around 
the implant is made slightly looser than normal to avoid irritation.  JB Weld is applied to 
the sleeve-standoff joints to completely secure the implant and prevent displacement 
when retaining screws are eventually removed, and also when animal moves around. 
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2.4 Surgical Concerns  
Figure 3.3 a-d shows images of the muscles and nerves that are of primary concern 
during implantation as mentioned in the previous section.  As shown in Figure 3.3c, the 
cuff clamps the iliac without impinging the Iliacus, the femoral nerve, or the Psoas major.  
Also as show in Figure 3.3c, the distal curved end of the cuff just clamps the ventral 
surface of iliac without impinging on the coccygeus muscle and sciatic nerve.  Prior to 
implantation, implants are tested on rat pelvic bone models of different sizes to ensure 
proper clamp fit (Figure 3.1). 
 
 
2.5  Postoperative Treatment 
The animal is given 1.0ml/kg of 0.05mg/ml buprenorphine subcutaneously, every 12 
hours for the next 48 hours following surgery.  Intramuscular(IM) 0.5ml/kg prophylactic 
antibiotics (Dilute 3.4ml of Sterile water (diluent) with 1g of ampicillin vial) is also 
administered once a day for a week.  2-3ml Lactated Ringer is given subcutaneously for 
the next 48 hours following surgery and continued for a week only if the animal is not 
drinking fluids on its own.  The implant-tissue interface is constantly monitored and 
cleaned daily to prevent irritation and infection.  Sterile saline and Q-tips are used in 
combination to flush out and scrub tissue debris around the incision/stitches.  A 
combination of Lidocane and Neosporin crèmes are used daily after flushing to reduce 
irritation and infection of the area.  If necessary, Elizabethan collars or Yuk-spray around 
the implant are used to prevent the animal from disturbing the implant and incision site 
96 
 
for 2 weeks.  We have found that 2-3 weeks is a reasonable time for complete healing and 
some osseointegration of the orthosis with the pelvic bone.  
 
 
2.6   Kinematic Recording and Analysis (Pre- and Post-implantation) 
6 adult female Sprague–Dawley rats were used for the locomotor kinematic comparison 
prior to, and post implantation.  Visual assessment indicated no evident deficit in the 
animals’ ability to locomote on a treadmill after implantation.  This was further 
confirmed by assessing the stepping kinematics of the animal on a treadmill before 
implantation and then 2-3 weeks post implantation.  We evaluated the angular excursions 
of the hip, knee and ankle, as well as the stance, swing, and cycle durations using 
customized 2D motion capture system.  The right hindlimb and pelvic region were 
shaved to improve the visual image obtained for analysis.  Five 3-4mm diameter 
spherical reflective disks (B&L Engineering, Tustin, CA) were placed on the skin of the 
lateral side of the right hindlimb overlaying the iliac crest, the greater trochanter, the knee 
joint, the lateral malleolus, and fifth metatarsal head. The same person performed all 
marker placements to avoid variability. To minimize the effects of skin slippage over the 
knee, the ‘true’ knee joint was computed from video by using the actual lengths of the 
femur and tibia and triangulation algorithm using the hip and ankle makers [159, 160].  
The markers on the rat were illuminated with two infrared light source (Model S-1800 by 
Pinecom) and a high-speed digital image camera (JAI TM-6710CL) was used to record 
motion of the lateral side of right hindlimb in the sagittal plane (10” x 13”) at 100 
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frames/sec.  Motion tracking-analysis software (Maxtraq 2D by Innovision systems) and 
a numerical computing package (MATLAB R2008, Mathworks) were used to compute 
joint angular excursions.  Treadmill speed was set at 20-25cm/s [161] and 5 two minute 
satisfactory continuous walking trials were recorded for each rat (600 steps). All 600 
steps were normalized to 1 step cycle and averaged together to yield an averaged step 
cycle for each rat  [159, 162] .    
 
Previous studies have shown that limb length and limb orientation (i.e the polar 
relationship (magnitude and angle) between the hip joint @ the greater trochanter marker 
and the foot marker @ the fifth metatarsal head) may provide independent predictors and 
indicators of limb coordination and stepping cues [159, 162, 163].  Consequently, we 
used the limb length and orientation excursions of the tracked right hindlimb motion to 
determine the onset of the E1, E2, E3 & F step phases within a step cycle.  The peak and 
trough of the limb orientation coincided with toe contact (E2 onset) and toe off (F onset) 
events respectively.  The peak of the differential of the limb orientation coincided with 
E1 onset.  Between toe contact and toe off events, the positive abscissa intersection point 
of the limb length differential coincided with the onset of E3 phase.  Typically, the onset 
of each step phase roughly coincided with the crests and troughs of the ankle joint angle.  
The onset of each step phase (E1, E2, E3 & F) within each step was normalized to the 
duration of that step cycle to determine the % onset of each step phase.  Finally, the mean 
% onset of each step phase (E1, E2, E3 & F) for all 600 steps was then calculated for 
each rat.  
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Figure 3.5 shows an example of the pre and post angular excursions for the averaged step 
cycle for all 600 steps for the hip, knee, and ankle joints for one animal (Rat N004).  
Using the averaged step cycle, the hip, knee & ankle joints angular values at the onset of 
each step phase were compared prior to and after pelvic implantation for all rats.  As 
shown in Figure 3.5, both the pre and post step cycles have been split (vertical lines) to 
indicate the mean % onset of each step phase (E2,E3, F & E1).  The pre and post 
implantation mean % onsets of each step phase were also compared for all rats.  In 
addition, the mean step durations and mean stride lengths were also compared prior to 
and after pelvic implantation for all rats.  For all statistical comparisons, the level of 
significance was set at p< 0.05 for all paired t-test and repeated measure ANOVA 
performed. 
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3.   Results and Discussion 
3.1   Temporal measures 
To identify possible gait alterations due to the pelvic implant and surgery we compared 
temporal gait variables pre- and post-pelvic implantation for all animals.   The temporal 
variables evaluated were the mean step duration and mean % onset of each phase.  As 
shown in Figure 3.9, the mean % onset of each phase within the step cycle was not 
significant for all the rats (p = 0.141).  Similarly, as seen in Figure 3.10 , the step 
duration after pelvic implantation was not significant for all rats (p = 0.145).  There were 
also no significant changes seen in the stride length after implantation (Figure 3.10) 
(p=0.132).    
 
 
3.2   Joint Angular measures 
The bar plots in Figure 3.6 through Figure 3.8 show the means and standard deviations 
of the hindlimb joint angular values at the onset of each step phase for all rats over the 
averaged step cycle.  As shown, there were no significant differences in the angular 
values at onset of each phase for the hip, knee, and ankle joints (p = 0.068, 0.49, 0.68 
respectively).  Furthermore, the overall angle excursion pattern for each joint remained 
unchanged for each rat in the pre and post conditions as shown in the example in Figure 
3.5.  All joint angles typically yielded and peaked at approximately the same points in the 
step cycle, maintaining the general excursion profile and phase transition timing as 
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highlighted in the temporal measure results.  This clearly suggests that there was no 
mischief from the implant to significantly alter the natural timing and angular kinematic 
profile of the rats. 
 
In conclusion, we have successfully demonstrated the viability of our pelvic orthosis 
design and implantation in the rat.  We have also successfully implanted the orthosis 
adult spinalized and adult rats spinalized as neonates in a variety of studies without any 
issues.   Finally, notwithstanding the forces applied at the pelvis via the orthosis using our 
robotic system, the implanted orthotics has proven to be quite durable and stable for 
durations as long as 3 months in various studies.  
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Figure 3.1:   Completed Pelvic Orthosis design: 
a) Image of Pelvic orthosis attached to Rat Pelvic Girdle Model (lateral view) 
b) Image of Pelvic orthosis attached to Rat Pelvic Girdle Model (Ventral view) 
c) Image of Pelvic orthosis implant in an intact normal rat with haptic robotic 
arm attached 
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Figure 3.2 :  Components and dimensions for pelvic orthosis fabrication: 
A female threaded aluminum standoff (B), a pair of stainless steel screw rods(C), bronze 
sleeve bearings(A), and aluminum cuffs or c-clamps(D) were used to fabricate the pelvic 
orthosis.  
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Figure 3.3:   Surgical Images showing pelvic muscles and orthotic placement (Ventral 
Aspect): 
 (a) Ventral aspect showing Psoas major overlaying pelvis. Abdominal muscles have been 
reflected. (b)Ventral aspect revealing femoral nerve after reflecting Psoas major. c).  Same 
Image and view as in ‘b’ but with orthosis implanted.  Aluminum cuff can be seen under 
Iliacus cupping iliac bone of pelvis.  d).  Same image as ‘c’ but with Iliacus reflected to 
reveal the aluminum cuff cupping the iliac bone without impinging on sciatic nerve. 
A B 
C D 
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Figure 3.4:   Surgical Images showing pelvic muscles and orthotic placement 
(Dorsal Aspect): 
a) Image showing each half of the implanted pelvic orthosis from dorsal aspect. The 
aluminum rod is then used to connect and clamp the two halves together. b) Insert from 
‘a’ showing close up of inserted screw rod of orthosis through small opening in gluteus 
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Figure 3.5:  A
ngular excursion plot for a single rat ( R
at N
004):  .     
Exam
ple of tem
poral gait m
easures obtained for a single rat (rat N
004 )prior to (pre) and after orthotic im
plantation (post).  For 
the pre (blue joint excursion)) and post (green excursion), all joint excursions w
ere norm
alized to 1 step cycle and averaged 
together to yield the average joint angles as show
n in the hip, knee &
 ankle joint plots above.  A
s show
n, both the pre and post 
step cycles have been split (blue (pre) and green (post) vertical lines) to indicate the m
ean %
 onset of each step phase (E2,E3, F &
 
E1). 
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Figure 3.6:  Comparison of hip joint angular values at the onset of each step phase:    
The plot shows the means and standard deviations of the hip angular value at the onset of 
each step phase for all rats over the averaged step cycle (600 steps) before and after 
pelvic implant surgery. There are no significant changes seen in these values after pelvic 
implant surgery (p = 0.068). 
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Figure 3.7:  Comparison of knee joint angular values at the onset of each step phase:    
The plot shows the means and standard deviations of the knee angular value at the onset of 
each step phase for all rats over the averaged step cycle (600 steps) before and after pelvic 
implant surgery. There are no significant changes seen in these values after pelvic implant 
surgery (p = 0.49). 
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Figure 3.8:  Comparison of Ankle joint angular values at the onset of each step 
phase:    
The plot shows the means and standard deviations of the ankle angular value at the onset 
of each step phase for all rats over the averaged step cycle (600 steps) before and after 
pelvic implant surgery. There are no significant changes seen in these values after pelvic 
implant surgery (p = 0.68). 
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Figure 3.9:  Comparison of % onset of each step phase within a step cycle: 
 The bar plot shows the mean % onset of each step phase in the averaged step cycle 
before and after pelvic implant surgery for all the rats.  Note that the onset of first step 
phase (E2) is assumed to be at 0% and is therefore not shown in the bar plot.  No 
significant changes are seen in the % onset of each phase after pelvic implant surgery 
(p = 0.141). 
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Figure 3.10:  Comparison of step duration and stride length before and after pelvic 
implantation surgery: 
 The bar plots shows the mean step duration (top) and mean stride length (bottom) before 
and after pelvic implant surgery for all the rats.  No significant changes are seen in the step 
duration and stride length after pelvic implant surgery (p = 0.145 &  0.132 respectively). 
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4 CHAPTER FOUR: ROBOTIC TRUNK TRAINING:  
A Novel Tool for Detailed Assessment and Rehabilitation in Rats Spinalized as 
Neonates 
1.   Introduction 
Most mammals perform skilled movements by adjusting dynamic characteristics of their 
musculoskeletal system in motion.  Such movements and adjustments are best described 
with mechanical impedance parameters; i.e. stiffness, viscosity, and inertia.  
Musculoskeletal impedance can be changed or regulated by adjusting muscle contraction 
levels [164, 165].  Recently, the concept of regulating musculoskeletal impedance has 
been implemented in rehabilitating hand/arm movements after injury to the human CNS.  
In these rehabilitative paradigm, impedance controlled robots are utilized for impedance 
regulation of affected upper limb motion in paretic patients [166-170].  This is called 
impedance training.  In this kind of rehabilitative training, robot assistive devices are 
used to implement impedance control strategies that drive sensorimotor interactions via 
the use of elastic or viscous force fields (generated by the robot) to assist in maintaining a 
desired trajectory during therapy.  An example of this is the MIT-Manus robotic arm 
which generates and applies an external force field to a parietic arm during dynamic hand 
movement [166-170].   For instance, high stiffness fields can be specified by the robot in 
directions where hand motion is typically less stiff or compliant and position accuracy is 
important, while low stiffness fields can be specified in directions where the hand motion 
is stiff due to injury, or when small interaction forces must be maintained. With the use of 
the robot, this can easily be done by specifying particular values of the stiffness or 
impedance matrix of the field being used.  The results from impedance based training 
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methods like the MIT Manus have shown a lot of promise and led to significant improved 
movement abilities in the paretic upper limbs of stroke patients.  
 
In this thesis, we implemented impedance based robotic trunk rehabilitation paradigm 
that is complementary to upper-limb motion impedance based rehabilitation approach in 
stroke patients.  Our ultimate objective is to explore the rehabilitative capacity of the 
trunk and the role it plays in recovery in adult rats spinalized as neonatal (NTX rats).  Our 
previous studies have shown that some (~20% probability of recovery) adult rats 
spinalized as P1-P5 neonates (T9/T10 injury) achieve quadrupedal weight supported 
locomotion spontaneously[7].  A reorganized trunk muscle representation in the trunk 
sensorimotor cortex, and increased caudal trunk muscle stiffness appear to control and 
contribute to the recovery of autonomous weight-supported stepping (WS).  The extent to 
which such axial muscle control could contribute to recovery of weight support in NTX 
rats is not fully understood.   
 
Accordingly, in this thesis we explored the rehabilitative capacity of the trunk and the 
role it plays in locomotor recovery in adult rats injured as neonates (NTX rats).  Current 
rehabilitative regimens for NTX rats involve treadmill sensorimotor training which 
reinforces hindlimb muscle afferent input to the CPG, thus promoting plasticity of 
hindlimb afferent-CPG pathways.  Treadmill training is usually done without much 
concern for the trunk’s influence in locomotion.  Since it has been demonstrated the trunk 
sensorimotor cortex and trunk musculature are crucial elements for autonomous weight 
supported locomotor recovery in neonatally spinalized rats, then excluding the trunk may 
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limit rehabilitative recovery.  Given our finding in Chapter 2, we believe that a 
rehabilitative paradigm that incorporates dynamic mid-low trunk sensorimotor 
interactions will promote and reinforce plasticity of neuronal reflex pathways between 
trunk muscle afferents and the locomotor generator (Hypothesis II).  We termed this: 
trunk sensorimotor training.  In combination with treadmill training we believe trunk 
sensorimotor training would promote trunk-hindlimb integration, as well as promote 
plasticity of trunk-hindlimb-CPG afferent pathways to facilitate autonomous weight 
supported locomotor recovery in NTX rats (Specific Aim II).    
 
We have developed a robotic system and surgical techniques that allows us to apply 
elastic force fields in a structured manner around the caudal trunk/pelvic region, in 
combination with quadrupedal treadmill.  This robotic rehabilitation paradigm is focused 
at the caudal trunk/pelvic region, which is the nexus of interaction for forelimb-hindlimb 
interactions.  To achieve robotic interactions at the pelvis, a pelvic orthosis that clamps to 
the rat’s pelvic girdle is surgically implanted as described in Chapter 3.  The orthotic 
implant extends to a conduit/connector outside the animal’s body through which an 
impedance-controlled robotic arm attaches.  The robot arm is then used to generate the 
necessary elastic forces around the mid/low trunk region while the animal locomotes on a 
treadmill quadrupedally.  We believe that quadrupedal positioning during training is also 
necessary for effective trunk sensorimotor training in our robotic apparatus because it 
puts the rat in a ‘natural’ trunk posture.   Quadrupedal positioning during training creates 
a limb-trunk kinematic relationship needed for functional locomotion, and thus presents 
exemplars of the options and interactions needed in locomotion. One major failure mode 
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of motor learning, that has been identified among others, is the absence of positive 
examples.   
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2.   Methods 
2.1 Neonatal spinalization (NTX) Surgery  
46 Female Sprague–Dawley rats were initially prepared by neonatal transection surgery 
at postnatal day 5 (P5), but 10 were used here at the time of pelvic implantation and 
robotic rehabilitation. With the exception of anesthetic method (we used isofluorene as 
opposed to hypothermia), surgery is described in detail in Miya et al. 1997 [15].  All 
experimental procedures complied with the guidelines of the National Institute of Health 
Guide for the Care and Use of Laboratory Animals and received IACUC approval.  
Neonates were placed under and maintained with isofluorene (0.75-2% mixed in 
oxygen), and sterile procedures were used throughout the surgery.  For spinal transaction, 
one complete segment of mid-thoracic spinal cord (~T9/T10) was completely aspirated. 
The lesion cavity created was filled with gelfoam. For post-operative recovery, the 
spinalized rat pups were given 0.01ml of 0.002mg/ml Buprenex and then returned to their 
mothers until they reached 28days of age (approx weaning age), at which time they were 
weaned from their mothers for another 28 days.  During this period pup weights were 
constantly monitored to ensure continued development away from their moms.   
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2.2 Preliminary treadmill exercise 
At approximately 2 months of age, NTX rats began preliminary exercise training to 
maintain any developmental functional locomotor recovery.  The NTX rats were 
exercised 3 times weekly on a motorized treadmill (@ speed 4-8cm/s) for 10 minutes for 
6 weeks, and then once a week afterwards.  Rats were water restricted and rewarded on 
the treadmill with a dilute sucrose solution. Rats were also videotaped for 3 minutes 
during training as they locomoted completely unassisted by the experimenter for 
evaluation.  Hindlimb steps of each rat were classified and counted as weight-supporting 
or non-weight-supporting over a 3 minute interval.  On the average each NTX rat made 
60-120 steps in this interval.  The number of autonomous alternating weight supporting 
steps in the 60-120 total steps taken in this interval was determined, and the percent WS 
was determined this way, similar to Miya et al. [15].  Autonomous alternating weight 
supporting (WS) steps were recognized based on the criteria of no contact of the trunk, 
belly or proximal hindlimb joints (hip or knee) with the substrate during the swing and 
stance phases of the stepping hindlimb.  Plantar foot placement was not required and 
‘knuckle walking’ was permitted, as our focus was on proximal balanced weight support.  
All other types of steps were considered non weight-supporting.  Using this method, 
Miya et al. [15] showed that percent weight supported steps during locomotion of adult 
animals which had been transected as neonates formed a bimodal distribution with peaks 
centered on ~20% and ~75% weight supported steps.  As suggested, we classified NTX 
locomotion into two categories:  (1) a weight supporting (WS-NTX) i.e > 50% weight 
supported steps; and (2) non-weight-supporting (NWS-NTX) i.e < 50% weight supported 
steps.  
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2.3 Pelvic orthosis implantation Surgery 
When NTX rats reached and maintained a weight of ~300g (~ 9 months to 1 year old), 
they were surgically implanted with a pelvic orthosis.  The detailed orthosis design, 
surgical techniques and implications are described in the previous chapter of this thesis.  
Animals were anesthetized with 1.0ml/kg KXA (2.0ml Ketamine (100 mg/kg): 1.0ml 
Xylazine (20 mg/kg) : 0.15ml Acepromazine (10 mg/kg)).  Supplemental doses of KXA 
were administered intraperitoneally (IP) as needed to maintain a deep level of anesthesia 
during the procedure.  All surgical procedures were performed under aseptic conditions.  
The implantation involved separating the gluteus muscle with minimal tissue damage and 
then inserting the orthosis such that it clamps to the iliac processes of rat’s pelvis (Figure 
4.1a).  As shown, the orthotic implant extends to a hollow bar/conduit outside the 
animal’s body through which the gimbal of the haptic robotic arm is attached during 
robotic training.  The orthosis was designed to support the gimbal attachment centered on 
the rat’s midline parasagittal plane as shown in Figure 4.1b.  The orthosis design and 
implantation did not disrupt the locomotion kinematics of the rat. 
 
For post-operative recovery rats were given 1.0ml/kg of 0.05mg/ml buprenorphine 
subcutaneously, every 12 hours for 48 hours following surgery.  Intramuscular(IM) 
0.5ml/kg prophylactic antibiotics (Dilute 3.4ml of Sterile water (diluent) with 1g of 
ampicillin vial) was also administered once a day for a week.  2-3ml Lactated Ringer was 
given subcutaneously for the next 48 hours following surgery and continued for a week.  
After 3 weeks of surgical recovery, NTX rats began assistive trunk robotic training. 
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2.4 Robotic trunk training  
The methods for assistive robotic trunk training paradigm are described in detail in 
Udoekwere et al [122].  A haptic robotic arm (Cantilevered phantom-Sensable Devices 
Inc) connected via a gimbal to the pelvic orthosis was used to provide an extrinsic 
spherical isotropic force field around the mid-low trunk region while the rat locomoted 
quadrupedally on a treadmill as shown in Figure 4.1c through Figure 4.1e.  The force 
field applied was a simple elastic field: 
Fxyz = K(rxyz – r0xyz) 
Where rxyz is current/new position, r0xyz is desired or equilibrium position, K is stiffness 
(3*3 diagonal matrix) and Fxyz elastic interactive/restoring force.  The xyz-directions 
were equivalent to the rat’s caudal-rostral, medial-lateral, and ventral-dorsal directions 
respectively.  When the robotic arm is attached to the rat and the elastic field is engaged 
and equilibrium position set, the rat’s interaction with the elastic field as it locomotes 
produces restoring forces (examples of restoring forces shown  as F1xyz and F2xyz in 
Figure 4.1e) as the rat deviates from the field’s equilibrium position (r0xyz) to a new 
position rxyz (examples of new positions shown  as r1xyz and r2xyz in Figure 4.1e).  Since 
the restoring forces act directly on the pelvic bone via the orthosis, we believe that this 
simulates muscle-like caudal action to influence trunk mechanics.  This scheme allowed 
us to provide adjustable weight support and lateral stabilization.  In order to standardize 
magnitude of interactions among all test rats we used a fixed field stiffness K of 45N/m 
(Kx= Ky= Kz = 45N/m). 
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The field’s equilibrium position (r0xyz) for each rat was set at the average normal carriage 
height of an adult intact rat, such that the trunk posture and the carriage height of the 
NTX rats’ pelvis were similar to that of a normal adult intact rat.  Since the pelvic 
carriage height of the NTX rat is lower than that of an intact rat, setting the elastic field’s 
equilibrium position at this height created an assistive vertical force component that 
provided some weight support.  Also, at this carriage height, the NTX rats’ limbs were 
still able contact the treadmill and experience load while being positioned in a ‘natural’ 
trunk posture during training.   This brings the NTX rats’ pelvis into the approximate 
kinematic relationship needed for functional locomotion.  This form of impedance 
training using our robotic trunk rehabilitation paradigm is complementary to upperlimb 
motion rehabilitation approach in stroke patients using the MIT-Manus [44, 168, 171, 
172].  Consequently, we believe that applying forces around the caudal trunk/pelvic 
region in this manner would not only strengthen the caudal trunk muscles but would also 
reinforce trunk afferent-locomotor pathways, thus promoting trunk-hindlimb integration 
and autonomous weight supported locomotor recovery.   
 
In addition, NTX rats were trained 20 minutes per day, 5 days a week for 4-6 weeks.  
This constitutes what physical therapists term ‘massed’ training and this was readily 
achieved in our apparatus.  The original weight of each rat at the beginning of robotic 
training was maintained throughout training using food restriction procedures approved 
by IACUC.  This was necessary to ensure that the changes observed in the robotic 
vertical force interactions were not due to changes in the animals’ weight. 
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2.5 Data Collection & Locomotor recovery assessment  
Locomotor recovery was quantified by assessing:  
1) Hindlimb stepping kinematics  
2) Vertical robotic interaction forces  
3) Percent weight supported steps 
 
Video was collected at 60Hz, 1/500s shutter, with lateral and reflected views (using a 
mirror under the treadmill) in each video field to assess footpad placement.  A modified 
BBB [173] type scale  designed by Antri, Orsal and Barthe (termed here AOB scale) was 
used for this purpose [4].  This scale scored rats based on frequency, amplitude, and 
coordination of hindlimb stepping motions, presence of weight supported stepping, and 
frequency of plantar stepping.  These hindlimb stepping kinematic measures were used to 
assess hindlimb motor recovery.  The AOB scores ranged from 0 to 22, with 0 
representing no hindlimb locomotor recovery, and 22 representing significant hindlimb 
locomotor behavior akin to that of a normal intact rat.  All AOB scoring was done using 
video recorded during robotic training sessions.  3 minutes of the best walking video 
segments played in slow motion on video playback were used to score using the AOB 
scale (
1) Hindlimb stepping kinematics: 
Table 4.1).  This was done every 2-3 training days and the scores were used to 
assess the cumulative effect of trunk training sessions. 
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We preferred the AOB scale to the BBB scale because the AOB scale was specifically 
designed to evaluate a motor recovery in hindlimbs after a complete spinal cord 
transection in rats.  On the other hand the BBB scale was originally designed to evaluate 
locomotor recovery after a contusion or partial lesion of the rat’s spinal cord.  For 
instance, the degree of forelimb-hindlimb coordination is an important criterion used in 
the BBB scale, but for completely spinalized rats (with no intervention across the 
transaction site), this criterion is not critical because the possibility of a simpler neural 
forelimb-hindlimb coordination control is lost [4].  Also, the BBB scale does not take into 
account the recovery due solely to the intrinsic endogenous properties of the lumbar cord 
caudal to the lesion in the absence of supraspinal controls [4].  Consequently, we adopted 
the AOB scale to evaluate the hindlimb motor recovery as reflected in the hindlimb 
kinematic measures of the AOB scale 
 
We monitored the NTX rat’s force interaction with the applied robotic isotropic elastic 
field for any fine changes that captured elements of adaptation and rehabilitation 
throughout training.  Force interactions were recorded during training over the same 3 
minute segment used in determining the AOB score.  The mean vertical (ventral-dorsal 
direction) interaction force (Fz) was evaluated every 2-3 training days, alongside AOB 
scoring. A simple linear regression analysis was used to determine the association 
between change in vertical force and training days, as well as significance of slope of the 
regression fit line. The verical interaction force measure allowed assessment of assistive 
2) Vertical robotic forces:  
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weight support provided by the robot field over the course of training.  Consequently, 
changes in the vertical forces indicated changes in the NTX rat’s weight bearing capacity. 
 
We determined the percent autonomous weight supported steps during locomotion before 
and after pelvic implantation.  The assessment of weight supported steps after pelvic 
implantation was done after recovery from surgery (2-3 weeks), and before any robotic 
training began (i.e the animal had had no exposure or experience with the robot or elastic 
field at this point.  This WS evaluation was done to assess any deterioration due to the 
orthosis or surgery. Once robotic trunk training began, we also calculated the percent 
weight supported steps every 2-3 training days, alongside AOB scoring and vertical force 
interactions.  Assessing the autonomous weight supported steps this way allowed us to 
capture improvements in the weight bearing capability of each rat during the weeks of 
massed training.  Finally, we calculated the percent weight supported steps on the last day 
of training without any trunk robotic force field assistance.  Rats were videotaped during 
robotic trunk training as they locomoted on the treadmill.  Hindlimb steps were classified 
and counted as weight-supporting or non-weight-supporting over the same 3 minute 
video segment used for AOB scoring.   The treadmill speed for training was set at 8-10 
cm/s. 
3) Percent autonomous weight supported steps: 
 
A hindlimb step was deemed as autonomously weight supporting if both hindlimbs 
autonomously alternated, and were seen to be raised above the surface of the treadmill 
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with no contact of the belly or proximal hindlimb joints (hip or knee) with the treadmill 
during the swing and stance phases of the stepping hindlimb in a step cycle.  A step cycle 
was counted as a movement of a limb that included ankle extension (typically during 
stance) and flexion (typically during swing).  A weight-supported step included 
successive stance and swing phases with hindquarter support.  Plantar foot placement was 
not required and dorsal steeping (knuckle walking) was permitted, as our focus was on 
proximal balanced weight support.  All assessments were made from analog video 
collected during preliminary training and robotic trunk training session.  
 
We then compared the mean percent weight supported (WS) steps at the following 
intervals in the experimental process: 
• Pre-pelvic implant WS %: This was assessed before pelvic implantation surgery 
(no robot assistance). 
• Post-pelvic implant WS%: This was assessed after surgical recovery and prior 
to Robot training (no robotic assistance).  
• Post-implant WS% after 4-6 weeks of Robot training (force field on): This was 
assessed with robot elastic force field assistance after 4-6 weeks of robot 
training. 
• Post-implant WS% after 4-6 weeks of Robot training (force field off): This was 
assessed with no robot elastic force field assistance after 4-6 weeks of robot 
training. 
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2.6 Histology 
The completeness of each transection was confirmed after 4-6 weeks of training.  Prior to 
histology, all NTX rats were deeply anesthetized with 3mL of Euthasol and perfused 
intracardially with 0.9% physiological saline followed by 4% buffered paraformaldehyde 
to fix spinal tissue. The spinal cord tissue was extracted and blocks were prepared for 
cryostat sectioning.  Blocks rostral and caudal to the area of the neonatal transection were 
cut in serial transverse 20 µm sections; blocks containing the lesion were cut in serial, 
parasagittal 20 µm sections. In all animals, adjacent spinal cord sections through the 
lesion site were stained with a Nissl/myelin stain to confirm the lesion.  
Immunohistochemical staining for serotonin (5HT) was used as a marker for any 
descending axons across the transection site.   Serotonin staining was examined by 
comparing control sections from above the lesion prepared in the same histological 
series.  Typically, we expect all serotonin sources to be above the lesion; therefore 
absence of serotonergic fibers in tissue slices below the injury site was an important 
confirmation of transection, thus confirming no descending fibers growth through the 
lesion site.  An example of this is shown in Figure 4.15. 
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3.   Results 
There were a total of 10 rats used for our rehabilitative trunk training paradigm.  7 of 
these rats were considered non-weight supporting (NWS-NTX) and displayed less than 
50% weight supported steps (i.e. rats NTX005,010,015,016,018,019,026), while the 
remaining 3 were considered weight supporting (WS-NTX) and displayed greater than 
50% weight supported steps (i.e. rats NTX017,024,027).   
 
 
3.1  Decreased vertical rat-robot interaction force: 
 With our trunk rehabilitation paradigm, we observed a gradual decline in the mean 
vertical rat-robot interaction force (Fz) over the 4-6 week training period.  As shown in 
Figure 4.6a, Figure 4.10 a, Figure 4.11a, there was a strong effect of training on Fz for 
all WS-NTX rats.  For all the WS-NTX rats, we observed a gradual decrease in the mean 
vertical forces (Fz) that was linearly correlated (R2 >0.5, p <0.05) with training 
progression.  In some rats, the mean robotic vertical forces (Fz) decreased by as much as 
40% of the maximum mean vertical force value.  Similarly, a gradual decrease in Fz that 
correlated linearly with training (R2 ≥0.5, p <0.05) was also observed in 4 out of the 7 
NWS-NTX rats, as shown Figure 4.3a, Figure 4.4a, Figure 4.8a. Figure 4.9a.  
 
For the remaining 3 out of the 7 NWS-NTX rats, the mean vertical forces were not 
significantly correlated (R2 <0.5, p >0.05) with training progression for all the training 
days (Figure 4.2a, Figure 4.5a, Figure 4.7a).  However, a declining trend in the mean 
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vertical force (Fz), though not significant (p>0.05), was observed only in the last week of 
training for these animals (Figure 4.2b, Figure 4.5b, Figure 4.7b).      
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3.2  Improved hindlimb motor recovery (AOB score): 
According to the AOB scale (Table 4.1) used to assess hindlimb motor recovery, all 
NTX rats showed an increase in AOB score during the training period.  On Day 1 of 
robotic trunk training, 3 out of 7 NWS-NTX (Figure 4.3b, Figure 4.4b, Figure 4.8b), 
and all WS-NTX (Figure 4.6b, Figure 4.10b,  Figure 4.11b) rats were able to produce 
some autonomous hindlimb alternation that involved all the three joints (hip, knee, and 
ankle) during locomotion (i.e AOB score ≥ 4).  The remaining 4 out of 7 NWS-NTX 
(Figure 4.2c, Figure 4.5c, Figure 4.7c, Figure 4.9b) had little to no autonomous 
hindlimb alternation on Day1 of robotic training (i.e AOB score < 4), and required 
occasional tail pinch during training to get them to step on the treadmill.  We noticed that 
as training progressed in these particular rats, they gradually began to generate 
autonomous hindlimb alternation within the first training week and thus no further tail 
pinching was required.  All AOB scores tended to peak and then plateau at approximately 
2-3 weeks of training in all rats.   
 
As shown in Figure 4.13, all rats that exhibited autonomous hindlimb alternation on 
Day1 of training (that is, rats with AOB score ≥ 4 on Day 1), were able to achieve AOB 
scores of 15 or more on the last day of training.  According to the AOB scale, a score of ≥ 
15 reflects very good hindlimb motor recovery characterized by frequent and consistent 
hindlimb alternation, as well as occasional to consistent plantar weight supported steps.  
Autonomous hindlimb alternation at the start of training appears to be critical for 
recovering further weight support function and thus achieving a high AOB score.  It 
should be noted that with the exception of one rat (NTX026), all the rats that showed 
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gradual decrease in Fz that significantly correlated (R2 ≥0.5, p <0.05) with training (as 
mentioned in section 3.1), were also the same rats that achieved AOB scores of 15 or 
more.   
 
Conversely, the rats that exhibited little to no autonomous hindlimb alternation on Day 1 
of training (that is, rats with AOB score < 4 on Day 1), typically showed steady 
improvements in AOB score with training, but achieved AOB scores that were less than 
15 on the last day of training.  AOB scores less than 15 reflect hindlimb motor recovery 
behaviour ranging from occasional hindlimb alternation to consistent hindlimb 
alternation with occasional plantar weight supported steps. Again, it should be noted that 
all the rats that achieved AOB scores less than 15 were also the same rats whose changes 
in Fz were not significantly correlated (R2 <0.5, p >0.05) with training (as mentioned in 
section 3.1). 
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 3.3 Increased percent weight-supported steps (%WS): 
The percent weight supported steps of all NTX rats evaluated before (Pre-pelvic implant 
WS %) and after (Post-pelvic implant WS %) pelvic implantation were not significantly 
different as shown in Table 4.2.  This indicated that the pelvic implantation did not 
significantly disrupt or change the pre-implant motor performance in both WS-NTX and 
NWS-NTX rats.  There were a total of 10 rats used for training and 7 of these rats were 
considered non-weight supporting (NWS-NTX) and displayed less than 50% weight 
supported steps, while the remaining 3 were considered weight supporting (WS-NTX) 
and displayed greater than 50% weight supported steps.   
 
As shown in Figure 4.2 thru Figure 4.11Table 4.2, with the exception of one rat 
(NTX026), each NTX rat gradually increased its weight supported steps (%WS) with 
robotic training, with the last day of training being significant from the first day (p<0.05).  
Taken together, the mean %WS for all rats on the last training day was significantly 
greater than the mean %WS prior to the start of training as shown in Figure 4.16.   3 of 
the NWS-NTX rats displayed no weight supported steps (0%) on Day 1 of robotic 
training, but with training they were all able to achieve an average increase of 8% in 
weight supported stepping, thus remaining in the NWS classification (Figure 4.2d, 
Figure 4.5d, and Figure 4.7d).  Rat NTX026 was the only rat that did not demonstrate 
any weight supported stepping on Day1 and throughout the course of training (Figure 
4.9c).   
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Using our trunk robotic rehabilitation paradigm, 2 out the 3 NWS-NTX that 
demonstrated autonomous hindlimb alternations on Day1 of training were able to attain 
over 50% weight supported steps over the weeks of training.  This is clearly depicted in 
Figure 4.4c and Figure 4.8c.  We determined if this shift from NWS to WS was 
statistically significant using a binomial test.  As mentioned earlier in section 2.1, we 
initially prepared 46 NTX rats, with a WS:NWS distribution of 10:36.  Due to attrition, 
and use in other projects, only 10 of these animals remained at the time of pelvic 
implantation and robotic training, 3 of which were WS and 7 NWS.  Given our initial WS 
distribution in our originally prepared 46 NTX rats, a binomial test determined that 
likelihood of attaining 3 or less WS-NTX out of 10 NTX rats was not significant (p = 
0.84).  With training 2 NWS-NTX rats became WS, changing our WS to NWS 
distribution form 3:7 to 5:5.  A binomial test determined that likelihood of attaining 5 or 
more WS-NTX out of 10 NTX rats selected randomly from our initial distribution was 
significantly better than expected by chance selection (p = 0.047), and that the transition 
from 2 NWS-NTX rats to WS-NTX rats with robotic training was statistically significant.    
This result indicates that some NTX rats were able to be rehabilitated from an original 
non-weight support (NWS) classification on the first day of training, to a weight 
supporting (WS) classification on the last day of training. 
 
With the exception of one rat (NTX026), the mean number of weight supported steps 
without robotic assistive forces (Post-implant WS% after 4-6 weeks of Robot training 
(force field off)) was shown to be significantly greater than the mean number of weight 
supported steps after pelvic implantation (Post-pelvic implant WS%) as seen in Table 
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4.2.  This result clearly suggests that the training improves the hindlimb weight bearing 
ability of the injured animals.  Furthermore, the number of weight supported steps with 
robotic assistive forces (Post-implant WS% after 4-6 weeks of Robot training (force 
field on)), was significantly greater than the number of weight supported steps without 
robotic assistive forces (Post-implant WS% after 4-6 weeks of Robot training (force 
field off)) on the last training day.  This result suggests that the robotic assistance 
provided by the rehabilitative training is somehow being integrated by the animal in a 
manner that supports weighted stepping recovery.   
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4.    Discussion 
30% of our trained animals were WS-NTX, while 70% were NWS-NTX.  This 
distribution is comparable with other P0-P5 neonatal rat spinalization studies (~25% WS-
NTX, and ~75% NWS-NTX).  With robotic trunk training, significant increases in the 
number of weight supported steps were seen in all but one (NTX026) rat.  7 non weight 
supporting rats (NWS-NTX) showed significant increases in their percentage of weight 
supported steps.  2 out these 7 NWS-NTX rats were able to achieve over 50% weight 
support stepping with training, thus shifting them from the classification of non-weight 
supported stepping (NWS) to weight supported stepping (WS) and increasing the 
probability of WS recovery in our rat group from 30% to 50% as shown in Figure 4.12.  
This is a unique outcome that our trunk rehabilitative training paradigm is capable of.  
The improvements in autonomous weight supported stepping seen clearly supports our 
Hypothesis II. 
Hypothesis II: A dynamic sensorimotor rehabilitation approach that interacts at the 
caudal trunk during quadrupedal treadmill locomotor training in spinalized neonatal 
rats, will promote better trunk-hindlimb integration and perrhaps  autonomous weight 
supported locomotor recovery, (possibly by reinforcing trunk afferent-locomotor 
pathways suggested in Hypothesis Ib). 
 
 Taking a rat from a level of non-weight supported stepping (< 50%) to a level of weight 
supported stepping (>50%) with rehabilitation has never before been realized in any 
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rehabilitative paradigm with neonatal spinalized rats. Only with the use of fetal 
transplants at the injury site, have other neonatal transection studies demonstrated a larger 
increase (from ~28% to ~68%) in the probability of weight supported recovery and this 
was only by intervening directly at the time of injury, not by intervening in later 
adulthood in the ‘chronic period’ [7, 15].   
 
Changes in the mean vertical interaction forces (Fz) is a reflection of the changes in 
assistive weight support provided by the robot elastic force field, and thus a decrease in 
the assistive force clearly indicates an increase in the animal’s ability to support some of 
its own weight.  At the end of training, the average decrease in vertical interaction force 
was ~0.15N (~15g), which is approximately 5% of the animal’s total weight.  This 
suggests that the animal’s shanks and hindlimbs bore 5% more of the animals weight than 
they did on Day 1 of training.  Typically, adult intact rats walk with 45% of body weight 
on their hindlimbs, and 55% on forelimbs, while adult rats spinalized as neonates that 
recovery autonomous weight supported stepping bear significantly less weight on their 
hindlimbs (~30%-35% depending on level of WS) and more weight on their forelimbs 
(65%-70% depending on level of WS) [26].  Consequently, increasing the hindlimb 
weight bearing capacity of NTX by ~5% of body weight with our trunk rehabilitative 
paradigm is quite significant.  We believe this is primarily due to the ‘massed’ trunk 
sensorimotor training supported by our robotic apparatus (Specific Aim II).  In addition, 
richer mechanical interaction modes and quadrupedal training enabled by our robotic 
training paradigm could also contribute to the improved weight bearing as seen in the 
vertical robot interaction forces (Fz).   
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In some instances, the decrease in vertical force interactions allowed us to identify and 
assess small improvements in weight support due to the adaptive processes during 
training, that were otherwise not captured by the other kinematic recovery assessment 
measures.  An example of this is shown in rat NTX026 in Figure 4.9.  In this rat, the 
AOB scores indicated that there were some weak autonomous hindlimb alternations 
(Figure 4.9b), but no weight supported steps were observed during training as depicted 
in Figure 4.9c.  However, the robotic vertical force interactions (Figure 4.9a) revealed a 
decrease in assistive weight support provided by the robot’s elastic field, which suggests 
an increase in the animals ability to support some of its weight.  Another example of how 
our robotic rehabilitative framework is able to detect and quantify subtle locomotor 
recovery measures is also apparent in the last week of training.  As mentioned in the 
Results section (section 3.1), some rats showed reduction trends in mean vertical forces 
only in the last week of training.  These particular rats also showed sudden increases in 
AOB scores in the last week of training (Figure 4.2, Figure 4.5, Figure 4.7).  This 
clearly indicated that the motor recovery behaviour reflected in the AOB score during the 
last week of training was also captured by the robot vertical force interaction.   
 
We noticed that on the first and last days of training, a significant positive linear 
correlation was observed between the AOB scores and number of weight supported steps 
on for all rat as shown in Figure 4.14.  We also noticed that as training progressed, the 
variations in AOB scoring pattern appeared to mirror the variations in the percent weight 
supported steps for most rats (except rat NTX026).  This clearly showed the efficacy of 
135 
 
using the novel AOB scoring measure as a fairly accurate tool for assessing recovery of 
weight supported stepping in neonatally spinalized rats. 
 
During locomotion, the motions of both the fore- and hindlimbs, and their interactions 
with the trunk are all crucial elements of weight support and stabilization during stepping.  
Currently, robotic devices used for rehabilitation in SCI rats are primarily focused on 
interactions at the ankles for sensorimotor training of the hindlimbs [59, 79, 80].  These 
devices require the animal to locomote in a bipedal fashion that excludes trunk and 
forelimb interaction.  Since it has been demonstrated that the trunk sensorimotor cortex 
and trunk musculature are crucial elements for autonomous weight supported locomotor 
recovery in neonatally spinalized rats, then excluding the trunk and limb-trunk 
interactions may limit recovery in current bipedal robotic rehabilitative systems. Our 
robotic trunk rehabilitative paradigm allows us to implement a novel therapeutic 
approach of trunk sensorimotor training in a quadrupedal fashion in combination with 
treadmill training, which has never been done before in rats.  Furthermore, findings from 
our rehabilitative training in neonatally spinalized rats have shown very promising 
results.  In addition to trunk sensorimotor training provided by our robotic apparatus, the 
system also allows us to interact with the rat at the pelvis, which is the nexus of hindlimb-
trunk interaction.  This mechanical interaction allows us to potentially achieve several 
things: (1) we can interact with the limbs during the stance phases through force loading 
or unloading applied at the pelvis, (2) we can assist interaction with control of the pelvis 
by the trunk, (3) we can apply forces to move the trunk, pelvis and proximal limbs into a 
kinematically more normal quadrupedal configuration despite lack of adequate hindlimb 
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force production or coordination, (4) we can indirectly assist interaction with forelimbs 
through trunk in a more normal quadrupedal configuration.  
 
Intracortical microstimulation (ICMS) studies of the cortices of NTX rats have shown 
that the trunk motor representation is reorganized in rats that achieve autonomous weight 
supported locomotion, while no reorganization seen in the trunk representation of rats 
that don’t achieve weight supported stepping[7].  Given that neonatally spinalized rats in 
our study showed significant locomotor recovery (as indicated by increases percent 
weight support steps and AOB scores) with trunk sensorimotor training using our robotic 
system, we believe that trunk sensorimotor training may facilitate cortical plasticity of the 
trunk cortical representation in these animals.  Furthermore, given that our findings in 
Chapter 2 suggest that trunk afferents have neuronal regulatory pathways that modulate 
the pattern formation of the CPG output to the hindlimb extensors; then it is also likely 
that the trunk sensorimotor training enabled by our robotic system reinforces these 
afferent pathways in a fashion similar to how hindlimb sensorimotor treadmill training 
reinforces hindlimb afferent-CPG pathways and reflexes.  We suspect these may be the 
primary reasons for our ability to increase the probability of autonomous weight 
supported recovery in neonatally spinalized rats from 30% to 50%.  
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C 
Figure 4.1   Treadmill, Robotic apparatus, and Pelvic Orthosis design: 
a) Pelvic orthosis attached to Rat Pelvic Girdle Model (Lateral view) 
b) The orthosis was designed to support the gimbal attachment centered on the rat’s 
midline (thick blue line) parasagittal plane. 
c) Pelvic orthosis implant in an intact normal rat on treadmill with haptic robotic arm 
attached. 
d) Cantilevered robotic arm over treadmill with rat. 
e) Image showing isotropic restoring forces in all axis (Fx, Fy, Fz) acting on rat’s pelvic 
when isotropic elastic field is applied via robotic arm. 
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Rat: NTX005
 
 
 
 
 
 
 
Figure 4.2: Kinematic Measures used to assess Locomotor and motor recovery in adult 
rat spinalized as neonates (Rat#: NTX005)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all training days 
(plot A), here the changes in Fz are not significantly correlated (R2 =0.0019, p =0.92) with 
training for all of training days in this rat.  On the other hand, the changes in Fz appear to 
show some correlation (R2 = 0.5122) with training (Plot B) for only the last week of training, 
though this was also not significant (p=0.14).  The AOB score (plot C) and number of weight 
supported steps taken (plot D) all show gradual increases with robotic trunk training. On the 
first training day, this animal had an AOB score of 1 and none of its steps were weight 
supported (i.e. non-weight supporting classification).  With training this animal attained a 
final AOB score of 4, with 5% of its steps being weight supported (i.e. rat was still in non-
weight supporting classification). 
140 
 
 
Rat: NTX010
 
 
 
 
 
 
 
Figure 4.3: Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX010)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all 
training days (plot A), here the changes in Fz are significantly correlated (R2 =0.5667, p 
=0.02) with training for all of training days in this rat.  The AOB score (plot B) and 
number of weight supported steps taken (plot C) all show gradual increases with robotic 
trunk training. On the first training day, this animal had an AOB score of 4 and 18% of 
its steps were weight supported (i.e. non-weight supporting classification).  With 
training this animal attained a final AOB score of 13, with 26% of its steps being weight 
supported (i.e. rat was still in non-weight supporting classification). 
 
 
 
141 
 
 
 Rat: NTX015
 
 
 
 
 
 
 
Figure 4.4: Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX015)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all 
training days (plot A), here the changes in Fz are significantly correlated (R2 =0.5798, 
p =0.002) with training for all of training days in this rat.  The AOB score (plot B) and 
number of weight supported steps taken (plot C) all show gradual increases with 
robotic trunk training. On the first training day, this animal had an AOB score of 4 and 
12% of its steps were weight supported (i.e. non-weight supporting classification).  
With training this animal attained a final AOB score of 16, with 60% of its steps being 
weight supported (i.e. rat transitioned into weight supporting classification). 
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 Rat: NTX016
 
 
 
 
 
 
 
Figure 4.5: Kinematic Measures used to assess Locomotor and motor recovery in adult rat 
spinalized as neonates (Rat#: NTX016)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all training days 
(plot A), here the changes in Fz are not significantly correlated (R2 =0.0657, p =0.52) with 
training for all of training days in this rat.  On the other hand, the changes in Fz appear to show 
some correlation (R2 =0.598) with training (Plot B) for only the last week of training, though 
this was also not significant (p=0.067).  The AOB score (plot C) and number of weight 
supported steps taken (plot D) all show gradual increases with robotic trunk training.  On the 
first training day, this animal had an AOB score of 1 and none of its steps were weight 
supported (i.e. non-weight supporting classification).  With training this animal attained a final 
AOB score of 10, with 13% of its steps being weight supported (i.e. rat was still in non-weight 
supporting classification). 
 
 
 
143 
 
 
 Rat: NTX017    
 
 
 
 
 
 
 
Figure 4.6: Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX017)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all training 
days (plot A), here the changes in Fz are significantly correlated (R2 <0.5215, p =0.013) 
with training for all of training days in this rat.  The AOB score (plot B) and number of 
weight supported steps taken (plot C) all show gradual increases with robotic trunk 
training.  On the first training day, this animal had an AOB score of 7 and 53% of its steps 
were weight supported (i.e. weight supporting classification).  With training this animal 
attained a final AOB score of 21, with 77% of its steps being weight supported (i.e.  rat 
was still in weight supporting classification). 
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Rat: NTX018
 
 
 
 
  
 
 
 
Figure 4.7 Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX018)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all training 
days (plot A), here the changes in Fz are not significantly correlated (R2 =0.022, p =0.62) 
with training for all of training days in this rat.  On the other hand, the changes in Fz 
appear to show better correlation (R2 =0.17) with training (Plot B) for only the last week 
of training, though this was also not significant (p =0.38).  The AOB score (plot C) and 
number of weight supported steps taken (plot D) all show gradual increases with robotic 
trunk training.  On the first training day, this animal had an AOB score of 1 and none of 
its steps were weight supported (i.e. non-weight supporting classification).  With training 
this animal attained a final AOB score of 7, with 7% of its steps being weight supported 
(i.e. rat was still in non-weight supporting classification). 
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Rat: NTX019
 
 
 
 
 
 
 
Figure 4.8: Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX019)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all training 
days (plot A), here the changes in Fz are significantly correlated (R2 <0.6676, p =0.003) 
with training for all of training days in this rat.  The AOB score (plot B) and number of 
weight supported steps taken (plot C) all show gradual increases with robotic trunk 
training. On the first training day, this animal had an AOB score of 4 and 15% of its 
steps were weight supported (i.e. non-weight supporting classification).  With training 
this animal attained a final AOB score of 20, with 66% of its steps being weight 
supported (i.e. rat transitioned into weight supporting classification). 
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Rat: NTX026 
 
 
 
 
 
 
 
Figure 4.9: Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX026)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all 
training days (plot A), here the changes in Fz are significantly correlated (R2 <0.4515, p 
=0.04) with training for all of training days in this rat.  The AOB score (plot B) shows 
gradual increase with robotic trunk training. This animal did not show any improvement 
in the number of weight supported steps (plot C) with training, and thus remained in the 
non-weight supporting classification throughout training. 
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Rat: NTX024 
 
 
 
 
 
 
 
Figure 4.10: Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX024)  
Mean Vertical robot Interaction Force (Fz) variations with robotic training for all training 
days (plot A), here the changes in Fz are significantly correlated (R2 <0.8797, p =0.0002) 
with training for all of training days in this rat.  The AOB score (plot B) and number of 
weight supported steps taken (plot C) all show gradual increases with robotic trunk 
training.  On the first training day, this animal had an AOB score of 10 and 54% of its 
steps were weight supported (i.e. weight supporting classification).  With training this 
animal attained a final AOB score of 19, with 65% of its steps being weight supported 
(i.e.  rat was still in weight supporting classification). 
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Rat: NTX027
 
 
 
 
 
 
 
Figure 4.11: Kinematic Measures used to assess Locomotor and motor recovery in 
adult rat spinalized as neonates (Rat#: NTX027) 
 Mean Vertical robot Interaction Force (Fz) variations with robotic training for all 
training days (plot A), here the changes in Fz are significantly correlated (R2 <0.7344, p 
=0.0042) with training for all of training days in this rat.  The AOB score (plot B) and 
number of weight supported steps taken (plot C) all show gradual increases with robotic 
trunk training.  On the first training day, this animal had an AOB score of 8 and 56% of 
its steps were weight supported (i.e. weight supporting classification).  With training 
this animal attained a final AOB score of 17, with 66% of its steps being weight 
supported (i.e.  rat was still in weight supporting classification). 
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Robotic Trunk Training
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step  ≥ 50%
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Figure 4.12:  Distribution of Weight support stepping ability in adult rats spinalized as 
neonates on the first and last days of robotic trunk training.  
The pie charts show the percentages of neonatally spinalized rats that demonstrated weight 
supporting stepping greater (WS-NTX) and less (NWS-NTX) than 50% on the first (top 
chart) and last (bottom) chart. As shown, the number of rats with the weight supporting 
stepping ability greater than 50% (i.e WS-NTX rats) increased from 30% to 50% with the 
training. 
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60%
40%
Distribution of Animals by ranges of 
AOB score (≥4 and <4) on Day1 of 
Training
% of rats with 
AOB score  ≥4 
% of rats with 
AOB score  < 4 
60%
40%
Distribution of Animals by ranges of 
AOB score (≥15 and <15) on last day 
of Training 
% of rats with 
AOB score  ≥15 
% of rats with 
AOB score  < 15 
Figure 4.13:  Distribution of adult rats spinalized as neonates by different ranges 
of AOB scores on the first and last days of robotic trunk training.  
Top pie chart shows the percentages of neonatally spinalized rats that achieved AOB 
scores of either greater or less than 4 on the first day of training.  An animal with an 
AOB score of 4 exhibits autonomous hindlimb alternation at the very least.  Bottom 
chart shows rats that achieved AOB scores of either greater or less than 15 on the last 
day of training.  An animal with an AOB score of 15 exhibits some autonomous 
hindlimb weight supported stepping at the very least.  All animals that achieved AOB 
scores ≥4 on Day 1 of training, were the same animals that reached AOB scores ≥ 15 
on the last training day. 
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Figure 4.14:  Correlation between AOB score and percent weight supported steps in 
adult rats spinalized as neonates scores on the first (top) and last (bottom) days of 
robotic trunk training.  
The top plot shows the relationship between AOB score and number (percent) of weight 
supported steps for all rats on the first day of robotic trunk training, while the bottom plot 
shows the same relationship on the last day of training.  As shown in both plots, there is a 
positive correlation between AOB score and % weight support.  The correlations in both 
instances are also significant (p<0.05) with R2 values > 0.9.  
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Rat 
Mean Pre-
implant 
% WS 
steps 
 
Mean Post-
implant % 
WS prior to 
Robot 
training 
(i.e. off robot 
& no robot 
elastic force) 
Mean Post-
implant %WS 
after 4-5 weeks 
of Robot 
training 
(i.e. with robot 
elastic force) 
 
 
Mean Post-
implant %WS 
after 4-5 weeks 
of Robot 
training 
(no robot 
elastic force) 
 
NTX005 0±0 0±0 5±1 1.7±0.5 * 
NTX010 4±1 5±1 23.3±3.5 14.3±3.5 * 
NTX015 4±3.6 2±2 60.3±5.1 51±2 * 
NTX016 0±0 0±0 9±1 8.7±0.6 * 
NTX017 55±4 52±3.2 77±2.6 66.3±2.9 * 
NTX018 0±0 0±0 7±4.4 5±1 * 
NTX019 13±3.6 18±2 66±2 53.3±3 * 
NTX026 0±0 0±0 0±0 0±0 
NTX024 52.3±3 49.7±2.5 65.3±0.6 56±1 * 
NTX027 50.3±2 49±2 64±2 55.3±0.6 * 
Table 4.2:  Table showing the changes in the percent weight supported steps 
taken before and after pelvic implantation, as well as after robotic trunk 
sensorimotor training with and without robotic assistance.  
Asterix (*) indicate that Post-implant WS% after 4-6 weeks of Robot training (force 
field off) is significantly greater than the Post-pelvic implant WS% at p<0.05. 
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Figure 4.15:  5-HT immunostaining above and below transection site in the spinal 
cord of a particular adult rat spinalized as a neonate.   
The top picture shows sample of spinal tissue above transection site revealing 5HT 
immunoreactive axonal fibers surrounding motor neuron cell bodies in the ventral horn.  
Bottom picture shows sample of spinal tissue below transection of the same rat, revealing 
absence of the 5HT immunoreactive axonal fibers. 
100µm 
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Figure 4.16:  Bar graph showing comparison of mean % WS stepping pre and post 
training.    
The bar graph compares the mean % WS step for all NTX rats prior to robotic training (i.e 
Post-pelvic implant WS%) with the mean % WS steps after training with and without 
robotic forces (Post-implant WS% after 4-6 weeks of Robot training (force field on) and 
Post-implant WS% after 4-6 weeks of Robot training (force field off) respectively).  As 
indicated, the post training mean %WS are significantly greater that the %WS stepping 
prior to training (p <0.05). 
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Summary of Findings 
The primary objective of this thesis was to investigate and extend the understanding of 
the functional role of trunk sensory and motor elements in the recovery of weight 
supported locomotor function in adult rats spinalized as neonates (NTX rats).  To 
accomplish this we set forth the following hypothetical statements and corresponding 
specific aims designed to investigate these trunk elements:   
 
Hypothesis Ia:  Trunk motor neuronal recruitment is broadly distributed across 
multiple trunk muscle segments. 
Specific Aim 1a:  Investigate the distributive influence activating trunk motor neurons 
in the T9 nerve have on trunk muscle segments rostral and caudal to the level of the 
nerve in an intact and transected (T10 injury) adult rat spinal cord. 
   
Hypothesis Ib:  Given that the CPG initially drives locomotion by significantly 
influencing trunk muscle activity (crawling) pattern in the early neonatal period, then 
a neuronal pathway between trunk muscle afferents and the CPG must exist to 
regulate locomotion.  This pathway may still remain in some capacity in the adult rat. 
Specific Aim Ib:  Investigate the effects of group I and II trunk muscle afferents on 
hindlimb locomotor output in the adult rat.  
 
Hypothesis II:  A dynamic sensorimotor rehabilitation approach that interacts at the 
caudal trunk during quadrupedal treadmill locomotor training in spinalized neonatal 
rats, will promote better trunk-hindlimb integration and perrhaps  autonomous weight 
supported locomotor recovery, (possibly by reinforcing trunk afferent-locomotor 
pathways suggested in Hypothesis Ib). 
Specific Aim II:  Examine locomotor and weight support recovery in neonatal injured 
rats in response to a combination of treadmill training, and an impedance control 
training technique applied at the mid/low (caudal) trunk musculature. 
 
 
 
Hypothesis Ia /Specific Aim Ia:    We developed our first hypothesis and specific aim to 
tackle the issue of how mid-low trunk muscles in WS NTX rats appears to be influenced 
by cortical trunk control despite spinalization.  How is this possible since most of the 
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motor pools associated with these caudal trunk muscles are disconnected from the cortex 
and reside in spinal segments below the level of injury?  Given that previous studies have 
shown that WS NTX rats reorganize their trunk cortical control after injury, then the use 
of this adapted trunk cortical control to influence caudal trunk muscle activation 
irrespective of a severed cord might be a mechanism that these rats utilize to achieve 
autonomous weight supported stepping.  Since the spinal cord is completely transected in 
WS NTX rats, we hypothesized that trunk motor neuronal recruitment was not limited to 
particular trunk segments, but broadly distributed across multiple trunk segments.  This 
mechanism of broad trunk motor neuronal innervations of multiple trunk segments is a 
likely means by which WS NTX rats influence caudal trunk musculature.  This 
mechanism would allow cortical control of trunk motor pools and motor neurons above 
the transection activate mid-low trunk muscle segments with motor pools below the 
transection.  To test this, we mapped the distributed influence of the T9 motor neuronal 
recruitment of different trunk muscle segments in intact and acutely spinalized adult rats.   
 
Results (Specific Aim Ia):  In Chapter 1 we showed data consistent with a broad 
distributed recruitment pattern of the T9 motor neuron across different trunk segments 
(from thoracic to lumbar) of the rectus abdominis and oblique musculature.  The results 
from our study suggest that the T9 motor neuron innervations of the rectus and ipsilateral 
oblique abdominis are distributed across multiple trunk segments in the adult rat.  This 
broad recruitment pattern persisted even after complete T10 acute spinal transection, thus 
allowing T9 motor neurons activate rectus and ipsilateral oblique muscle segments way 
below the periphery of the injury.  In other words, T9 thoracic trunk motor neurons that 
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would primarily innervate T9 thoracic trunk muscle segments appear to provide 
secondary innervations to neighbouring caudal thoracic and lumbar trunk muscle 
segments that would normally be activated by motor neurons and motor pools in spinal 
segments below the transection.   
 
Our result is supported by modified Sihler's staining of T6-T13 peripheral trunk nerves 
and associated motor and sensory nerve branches of the mid-low anterior rectus 
abdominal muscle wall of the adult rat [1].  At any given thoracic trunk muscle segment, 
the modified Sihler’s stain clearly show that the muscular motor neurons of that 
particular segment also bifurcate and branch into neighbouring trunk muscle segments.  
Our findings are also consistent with the ability of WS NTX rats to activate trunk muscle 
segments below the level of injury [7, 15, 18, 27].  We believe that this broad trunk motor 
neuronal recruitment mechanism is one possibility that allows the reorganized cortical 
trunk control to influence mid-low trunk muscle segments in WS spinalized neonates, 
and this may be crucial in the animal’s ability to achieve autonomous weight supported 
stepping.   
 
 
 Hypothesis Ib /Specific Aim Ib:    Driven by our findings in Chapter 1, we speculated 
that WS NTX rats might use this broad trunk motor neuronal recruitment mechanism to 
not only recruit caudal trunk muscles below the periphery of the injury but also engage 
motor pools in the disconnected spinal segments below the injury.  In other words, motor 
neuronal activity in thoracic trunk segments would cause motor actions in lumbar trunk 
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segments thus producing trunk afferents reflexes in the lumbar trunk segments that 
impact lumbar motor pools below the transection site (trunk or otherwise), and therefore 
bypassing the transected spinal cord.  We termed this ‘trunk peripheral reflex chaining.  
We believe that WS NTX rats utilize this trunk peripheral reflex chaining mechanism to 
activate trunk muscle afferents pathways that impact CPG circuitry in the lumbar spinal 
segment.  To test this we investigated the effects of trunk muscle afferents on CPG 
hindlimb locomotor output by eliciting fictive locomotor patterns via MLR stimulation in 
decerebrate adult rat preparations   
 
Results (Specific Aim Ib):  Results in chapter 2 showed clear central trunk sensory 
effects consistent with regulation of the pattern formation (PF) portions of the CPG.  Our 
results did not suggest any particularly effects on the rhythm generator component of the 
CPG.  These findings suggest that through voluntary control of trunk muscles, trunk 
afferents may be capable of strongly regulating the hindlimb CPG systems.  Taken 
together with our findings in Chapter 1, our findings in Chapter 2 support the suggestion 
that WS NTX rats utilize a voluntary trunk peripheral reflex chaining mechanism to 
activate lumbar trunk muscle afferents, which in turn influences and regulates the lumbar 
CPG below the injury via trunk afferent-CPG pathways.  We believe this may be one of 
the primary mechanisms that allow WS NTX rats to achieve autonomous stepping.  In 
addition to the PF regulatory action by trunk afferents seen in our study, our findings 
further imply that this afferent regulation may primarily be due to trunk afferent inputs to 
the extensor motor neuronal population of  the pattern formation (PF-E) network in the 
CPG.  The possibility of trunk sensory regulation of hindlimb extensor excitability during 
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locomotion might begin to explain the weight supporting stepping ability seen in WS 
NTX rats.  
 
 
 Hypothesis II /Specific Aim II:    Since previous studies have demonstrated that the 
trunk sensorimotor and somatosensory cortex and trunk musculature are crucial elements 
for autonomous weight supported locomotor recovery in WS NTX rats, then excluding 
the trunk in rehabilitative therapy may limit locomotor recovery.  We speculated that 
autonomous weight supported locomotion is accomplished in WS NTX partly because 
they are able to use their reorganized trunk cortex to recruit caudal (mid-low) trunk 
muscle via a broad multi-segment trunk motor nerve recruitment mechanism 
(Hypothesis Ia).  Consequently, the ensuing caudal trunk afferent responses to the 
cortically influenced caudal trunk activation engages neuronal reflex pathways between 
trunk muscle afferents and the locomotor generators (Hypothesis Ib) which would 
otherwise have been disconnected from cortical influence.  Therefore, a rehabilitative 
paradigm that involves dynamic mid-low trunk sensorimotor interactions will reinforce 
trunk afferent input in reflex pathways between trunk muscle afferents and the locomotor 
generator.  We termed this: trunk sensorimotor training.  We consequently hypothesized 
that trunk sensorimotor training in combination with treadmill training would promote 
plasticity of trunk-hindlimb-CPG afferent pathways to facilitate locomotor recovery and 
weight supported stepping, as well as promote trunk-hindlimb integration in weight 
supporting NTX (WS NTX) and non-weight supporting NTX rats (NWS NTX).  
Accordingly, in this thesis we explored the rehabilitative capacity and the role the trunk 
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plays in autonomous weight supported locomotor recovery in NTX rats.  We tested this 
by designing a rehabilitative paradigm and surgical techniques (Chapter 3), that allows us 
to implement trunk sensorimotor training via a robotic assistive impedance control 
strategy focused at the caudal trunk musculature during locomotion.   
 
Results (Specific Aim II):  Our robotic trunk rehabilitative system allowed us to 
implement a novel rehabilitation approach of trunk sensorimotor training in a 
quadrupedal fashion in combination with treadmill training, which has never been done 
before in rats.  By employing the mechanisms in Hypothesis Ia and Ib, our trunk 
sensorimotor approach presumably promotes plasticity of trunk afferent-CPG pathways 
and also trains the trunk sensorimotor CNS elements above and below the injury to 
improve trunk-limb interactions to support autonomous WS locomotion.  
 
Data presented in Chapter 4 showed the clear efficacy of this trunk sensorimotor training 
approach.  With robotic trunk sensorimotor training, significant increases in the number 
of weight supported steps were seen in 9 out of 10 NTX rats.  6/7 non weight supporting 
rats (NWS-NTX) showed significant increases in their percentage of weight supported 
steps.  Interestingly, 2 out of the 7 NWS-NTX rats were able to achieve over 50% weight 
support stepping with training, thus shifting them from the classification of non-weight 
supported stepping (NWS) to weight supported stepping (WS) and increasing the 
probability of WS recovery in our rat group from 30% to 50%. This transition from NWS 
to WS was also shown to be statistically significant.  We believe that the trunk 
sensorimotor training enabled by our robotic system reinforces trunk afferent-CPG 
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pathways in a fashion similar to how hindlimb sensorimotor treadmill training reinforces 
hindlimb afferent-CPG pathways and reflexes.  We suspect this may be a primary reason 
for our ability to increase the probability of autonomous weight supported recovery in 
neonatally spinalized rats from 30% to 50%.   
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General Discussion 
Altogether, the results of this thesis have provided valuable insights into possible 
mechanisms by which NTX rats are able to sometimes recover autonomous weight 
supported locomotion.  We have shown that mechanisms of broad trunk motor action and 
trunk afferent-CPG control may exist.  We believe these mechanisms may play a role in 
the recovery of autonomous weight supported stepping and locomotion seen in WS NTX 
rats.  We cannot say with certainty that these are the precise or sole basis of recovery, 
although it seems very likely they contribute.  These mechanisms identified are new and 
have not previously been reported.  However they make good sense from a 
developmental, biomechanical, and evolutionary perspective. 
 
The spinalized neonatal model (NTX) is the only reported successful autonomous weight 
support recovery model for SCI known.  Unfortunately, the mechanisms for this recovery 
have not been sufficiently investigated and are presently poorly understood.  The main 
objective of our studies was to use adult rats to help identify the possible substrate for 
locomotor recovery seen in WS NTX rats.  We specifically focused on trunk 
sensorimotor elements.  As identified in previous literature, the cortical trunk sensory 
inflow, cortical trunk motor outflow, and cortical sensorimotor integration of both, have 
all been shown to be important for the development of autonomous weight supported 
stepping in WS NTX [7, 16, 37].  Furthermore, cortical sensorimotor plasticity induced 
by sensorimotor training has also been shown to play a crucial role in locomotor recovery 
in WS NTX.  An example of this is demonstrated in studies that show a correlation 
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between WS recovery in NTX rats and plastic changes in the hindlimb somatosensory 
cortex induced by quadrupedal treadmill sensorimotor training [37].  The trunk/hindlimb 
sensorimotor overlap cortical reorganizations seen in theses rats are likely due to changes 
involving intracortical mechanisms and thalamacortical connections [37].  This is partly 
the basis for development of our trunk sensorimotor training paradigm; and the results of 
our robotic trunk sensorimotor experiments study strongly support the concept that 
sensorimotor and somatosensory plasticity is induced by such sensorimotor exercise. 
 
 Forelimb and hindlimb interactions with the trunk are all necessary elements of weight 
support and stabilization during locomotion.  Unfortunately, current robotic devices used 
for rehabilitation in SCI rats primarily focus on interactions at the ankles for sensorimotor 
training of the hindlimbs [59, 79, 80].  These devices currently require the animal to 
locomote in a bipedal fashion, thus excluding the trunk and trunk-limb interactions.  Our 
findings clearly suggest that trunk sensorimotor elements may regulate hindlimb 
extensors during locomotion, and improve autonomous weight supported locomotion in 
NTX rats.   A similar sensorimotor role of the trunk in locomotion has already been 
demonstrated in sensorimotor cortical lesion studies in WS NTX rats, suggesting that 
trunk sensorimotor integrations in the cortex play a vital role in their ability to 
autonomously locomote [7, 16].  Consequently, excluding trunk-hindlimb interactions, as 
is currently done in rat bipedal rehabilitation, may limit recovery after SCI.  In addition, 
incoorporating rehabilitative therapies that utilize these trunk sensorimotor mechanisms 
with current therapies may augment locomotor recovery seen in rat SCI models. 
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 Furthermore, it has also been demonstrated that humans show the same types of 
interlimb coordination during locomotion as those shown by other non-primate 
quadrupeds, suggesting common underlying spinal circuitry[174].  Therefore, it is 
conceivable that trunk sensory regulatory CPG mechanisms may also be present in the 
human CNS.  Accordingly, given our assertion that reinforcing trunk afferent reflex 
pathways via trunk sensorimotor rehabilitative training may play a part in locomotor 
recovery in SCI rats, then it follows also that exploring and utilizing trunk reflex 
mechanisms in humans may present a promising potential for recovery of function after 
human SCI. 
 
In conclusion, we have identified part of the trunk substrate that may support locomotion 
recovery and integration in the only known examples of autonomous recovery from 
complete SCI (i.e. NTX recovery).  Elements of this trunk substrate is demonstrated in 
the increased probability of WS recovery in NTX rats (30% to 50%) achieved by our 
novel trunk sensorimotor rehabilitative technique.  This is a unique, yet statistically 
significant, outcome that to date only our trunk rehabilitative training paradigm is capable 
of.  Taking a rat from a level of non-weight supported stepping (< 50%) to a level of 
weight supported stepping (>50%) with rehabilitation has never before realized in a 
rehabilitative paradigm with neonatal spinalized NTX rats. Only with the use of fetal 
transplants at the injury site, have other neonatal transection studies demonstrated a larger 
increase (from ~28% to ~68%) in the probability of weight supported recovery and this 
was only by intervening directly at the time of injury, not by intervening in later 
adulthood in the ‘chronic period’ [7, 15].  In addition, our investigation of trunk afferent 
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influence in locomotor output suggests that trunk afferents primarily regulate the extensor 
motor neuronal population of the pattern formation (PF-E) network in the CPG.  
Currently, hindlimb afferent stimulation therapies are being incorporated after SCI to 
facilitate the functional recovery associated with conventional rehabilitative techniques.  
Our finding associated with the trunk afferents may help design combined trunk-hindlimb 
afferent stimulation therapies aimed at shaping hindlimb extensor motor response and 
recovery after SCI in rats, cats, and ultimately humans. 
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